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Abstract 
 Groundwater in the Shepley’s Hill Landfill (SHL) area had a high arsenic 
concentration for at least 20 years. This study is aimed at understanding the migration 
pathways of arsenic in the SHL area and postulating the possible sources and 
mechanisms for the mobilization of arsenic. A direct-push sampling technique (DPT) was 
applied in the summer of 2010 within the SHL and its downgradient area, which provided 
groundwater samples from various depths and locations. A long-term monitoring dataset 
from 1998 to 2009 was utilized as a subsidiary source for temporal analysis. 
 Spatial distributions of arsenic and other major dissolved compositions were 
analyzed. Extremely high arsenic concentrations (up to ~ 15000 µg /L) were detected in 
the deep glacial sand deposits close to a peat layer within the SHL. Arsenic 
concentrations decrease dramatically in the downgradient area north of the SHL. The 
transport of arsenic in the SHL area is similar to that of iron.  
 The source of arsenic is likely to been within the boundary of the SHL. The glacial 
sand overburden within the SHL provides enough source for the arsenic mobilization. A 
possible mechanism of arsenic mobilization in the SHL area is that the reductive 
dissolution/desorption of arsenic from iron bearing minerals under a lasting reducing 
environment created by decompositions of organic matter in waste and peat.
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Project Summary 
 Arsenic contamination in groundwater poses a potential threat to human health all 
over the world. The current World Health Organization (WHO) recommended limit for 
arsenic in drinking water is 10 µg/L.  
 Recent studies reported cases of elevated arsenic in groundwater close to landfills. 
In the United States, about one third of the Superfund sites included arsenic as the 
“contaminant of concerns”, and this thesis study site, the Shepley’s Hill landfill (SHL) is 
one of them. 
 SHL is a closed old-aged landfill overlaying glacial outwash deposition located in 
northern-central Massachusetts. It was active at least as early as 1917 since the 
foundation of Fort Devens, and fully closed in 1992. Although there is no record of waste 
containing arsenical compounds disposed in the SHL, the groundwater in the peripheral 
area of the SHL has contained several thousand micrograms per liter of arsenic for almost 
two decades. Remediation activities in the SHL have started in 1992, which include the 
installation of an impermeable cap, long-term monitoring of the groundwater quality, and 
the installation of a pump-and-treatment system in 2006 in order to reduce the arsenic 
concentration in groundwater and prevent the arsenic plume from migrating to further 
downgradient area. However, according to the long-term monitoring data from 2009, the 
arsenic concentration in groundwater in the downgradient of SHL was still up to ~ 2000 
µg/L.  
  
 
ii 
 This thesis was aimed at understanding the migration pathways of arsenic from 
the SHL to its downgradient area and the vertical distribution of arsenic in various 
overburden materials in the SHL area. This understanding can shed light on the possible 
source(s) of arsenic and the mobilization mechanism of arsenic in the SHL area. 
 To fulfill these objectives, groundwater was sampled in the summer of 2010 at 18 
locations within the SHL and in its downgradient area using direct-push technique (DPT). 
DPT allows us to collect groundwater from different depth intervals at the same location. 
Results from this study, therefore, gave us a chance to understand the vertical variations 
of arsenic concentrations associating with the landfill wastes and overburden materials, as 
well as to better depict the arsenic mobilization pathway. 
 DPT groundwater samples were analyzed for total arsenic concentration and 
major dissolved ions using Hydride-Generation Atomic Fluorescence Spectrometry (HG-
AFS) and Ion Chromatography (IC) respectively in the Geochemistry Laboratory at 
Boston College. Field measurements such as pH and oxidation-reduction potential 
(ORP); dissolved compounds such as iron, manganese and alkalinity, as well as drilling 
logs were obtained from the final study report prepared by Sovereign Consulting Inc. 
 A long-term monitoring dataset (LTM dataset) including groundwater monitoring 
data from 1998 to 2009 at 14 different locations in the periphery of the SHL was used as 
a subsidiary to understand the groundwater chemistry, spatial distributions of arsenic, and 
the temporal trend of arsenic and other constituents mobilized in the SHL area. 
 The drilling logs within the SHL show that most solid wastes with thickness in the 
range of 5 – 15 feet overlie glacial outwash sand deposits, and some of waste deposits lie 
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directly on top of a peat layer where, according to previous geological map, used to be a 
marsh land. Groundwater within the SHL saturates part of the solid wastes and peat. 
 Concentrations of typical leachate contaminants like VOCs, heavy metals, organic 
matter, as well as inorganic compounds like chloride and sulfate are currently at low or 
normal levels in groundwater from the SHL. This could be the result of a complex 
physical, chemical and biological degradation process in the landfill during the long time 
period. The dominant reducing environment and high level of alkalinity detected within 
the SHL is consistent with this conclusion. It is commonly believed that oxygen depletion 
and organic matters degradation to inorganic carbon occur during landfill degradation. 
 On the contrary, extraordinarily high levels of arsenic were detected in 
groundwater within the SHL. In the summer of 2010, one groundwater sample collected 
at the bottom of glacial sand overburden within the SHL contained up to ~15000 µg/L of 
arsenic. A plume with extremely high arsenic concentration was also identified in mid-
deep glacial sand overburden within the SHL and extends to its immediate downgradient 
area. Groundwater from glacial till or the bedrock in the SHL area contains a much lower 
level of arsenic. 
 Arsenic concentrations decrease dramatically as groundwater flows from the SHL 
to its downgradient area. Evidence of mixing with water from other sources was detected 
in the further downgradient area. Groundwater along the Nonacoicus Brook in the north 
downgradient area is contaminated with elevated arsenic. Arsenic mobilized from the 
SHL is currently constrained within ~500 meters from the northern boundary of the SHL. 
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 The spatial distribution pattern and vertical profile of iron in groundwater are 
similar to those of arsenic, which indicates that the mobilization of arsenic and iron is 
probably caused by a similar process.  
 This study indicates that the major source of arsenic is most likely from glacial 
sand deposition with normal to slightly elevated arsenic in solid material. Long-lasting 
reducing environment driven by both landfill degradation and the wetland reduction in 
the SHL, inducing the dissolution of iron bearing mineral and then co-
desorbing/dissolving the attached arsenic and could be the major mechanism of arsenic 
mobilization in this site. 
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1.  INTRODUCTION 
1.1  Arsenic Contamination in Drinking Water 
 Arsenic is a ubiquitous trace element that can be found in the entire natural 
environment including the atmosphere, water, soil, rock and organisms (Smedley and 
Kinniburgh, 2002; Mandal and Suzuki, 2002). As the 20th most abundant element in the 
earth crust, it is mobilized through a combination of natural processes such as weathering 
reactions, biological activities and volcanic emissions as well as through a range of 
anthropogenic activities like mining, coal combustion, and using pesticides/herbicides 
that contain arsenical compounds (Smedley and Kinniburgh, 2002, Mandal and Suzuki, 
2002). On average, arsenic appears in the environment in trace amounts: the terrestrial 
abundance of arsenic is ~1.5 – 3.0 mg/kg; in most rocks, the abundance of arsenic is ~ 0.5 
– 2.5 mg/kg; the average level of arsenic in the soil is ~ 5 mg/kg; the concentration of 
arsenic is ordinarily from 1 – 8 µg/L in seawater and is typically lower than 10 µg/L in 
unpolluted fresh water (Smedley and Kinniburgh, 2002; Mandal and Suzuki, 2002). 
 However, increasing number of cases of arsenic contamination in natural water 
bodies, especially in groundwater, have been reported in recent years all over the world 
(Harvey et al., 2002; Smedley and Kinniburgh, 2002; Mandal and Suzuki, 2002; 
Mukherjee et al., 2006), which leads to international concerns of its health impact on 
humans. The most serious arsenic poisoning of the general population occurred in recent 
years in Bangladesh, where it is estimated that more than 40 million people have been 
exposed to arsenic poisoning by drinking groundwater with elevated arsenic 
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concentrations (BGS and DPHE, 2001; Harvey et al., 2002; Smedley and Kinniburgh, 
2002; Zheng et al., 2004). Cases of arsenic contamination in natural water bodies were 
also reported in many other countries including Argentina, Canada, China, Chile, 
Hungary, India, Japan, Mexico, Poland, Taiwan, and the USA (Jain and Ali, 2000). The 
sources of arsenic in these cases are either natural or anthropogenic (Mukherjee et al., 
2006). Arsenic has only one stable isotope that often makes it difficult to trace its source 
in the environment. 
 Due to the high toxicity of arsenic and its compounds, even trace amounts of 
arsenic that enter human body may cause serious adverse effects. Arsenic is also one of 
the earliest elements recognized as a carcinogen. It is commonly believed that exposure 
to arsenic can lead to skin, bladder and many other cancers (Smith et al., 2002). The 
diseases caused by acute/chronic arsenic poisoning and pathology of arsenic had been 
discussed in numerous studies (Jain and Ali, 2000; Mendal and Suzuki, 2002; Centeno et 
al., 2002; Oremland and Stolz, 2003).  
 Arsenic can enter human body through air, water, and food, but studies indicate 
that intake of arsenic from drinking water pose the most serious and widespread arsenic 
poisoning throughout the world (Mukherjee et al., 2006, Jain and Ali, 2000). The World 
Health Organization recommended lowering the arsenic standard for safe drinking water 
to 10 µg/L in 1993 (Smith et al., 2002). The United States Environmental Protection 
Agency (USEPA) reduced the Maximum Contaminant Level (MCL) for arsenic in 
drinking water from 50 g/L to 10 g/L in 2001; drinking water providers were required 
to comply with this standard after January 23, 2006 (Tiemann, 2005).  
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1.2  Arsenic Occurrence in the USA 
 During the past three decades, the United States Geological Survey (USGS) has 
collected and analyzed arsenic in potable groundwater from 18,850 locations in 1528 
counties across the United States (Focazio et al., 2000). Among these water samples, 
2,262 were collected from public water supply systems and 16,602 were collected from 
other potable groundwater sources for various purposes including irrigation, industrial 
use, research or private water supply. Figure 1 illustrates the spatial distribution of 
arsenic concentrations in groundwater across the United States. From Figure 1, it is 
possible to make the following general observations regarding arsenic in groundwater in 
the US: 1. Groundwater in the western US contains generally more elevated arsenic than 
that in the central and eastern US; 2. Parts of the mid-west and northeast also contain 
groundwater with arsenic concentrations that exceed 10 μg/L; 3. Groundwater in the 
southeast area have the lowest arsenic levels; 4. States such as California, Arizona, Idaho, 
and Wisconsin have proportionally larger number of groundwater samples that exceed 
the arsenic MCL. It is estimated that about 10% of all public water supplies in the US 
contain arsenic above 10 µg/L (Figure 2).  
  
 
4 
 
Figure 1. Arsenic occurrence in groundwaters and springs in the United States (Focazio et 
al., 2000). 
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Figure 2. Percentage of public water supply systems with elevated arsenic concentrations 
for (A) large (>10,000 people served) and (B) small (between 1000 and 10,000 people served) 
public water-supply systems. Percentage values calculated with USGS raw water data and 
National Arsenic Occurrence Survey finished-water projections (Focazio et al., 2000). 
 
 During the last decade, studies reporting arsenic contaminations in groundwater in 
the US attribute the contamination to various mechanisms. Groundwater in a geothermal 
area can contain higher amount of arsenic than a non-thermal area (Welch et al., 1988).  
For instance, groundwater from Madison and upper Missouri River valley (Montana and 
Wyoming) contains elevated arsenic concentrations (10–370 μg/L), which is affected by 
the Yellowstone geothermal system (Nimick, 1998; Sonderegger and Ohguchi, 1988). In 
some arid areas, evaporation can also lead to high arsenic concentration in shallow 
groundwater, particularly in the hydrologically closed basins of eastern Oregon, Nevada, 
western Utah and eastern California (Welch et al., 2000). The alluvial and glacial 
aquifers in the upper mid-west are reported to contain high arsenic concentrations (Welch 
et al., 2000) mainly because of the oxidation of arsenic-bearing sulfide minerals 
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contained in aquifer materials. It is also reported that groundwater in some bedrock units 
in New England, which extend from northern New Hampshire to Maine, contains 
elevated arsenic concentrations (Ayotte et al., 2003; Robinson and Ayotte, 2007).  
 Arsenic can be mobilized in both oxidizing and reducing environment. Oxidation 
of arsenic-bearing sulfide minerals in aquifers can be an important mechanism of arsenic 
mobilization. Arsenic tends to co-exist with sulfide minerals: such as arsenopyrite 
(FeAsS) is the most common arsenic-bearing mineral. Sulfide oxidation is also an 
important arsenic mobilization mechanism in many mining drainage system. Mining of 
sulfide-bearing rocks in many parts of the US has led to high arsenic concentrations in 
both surface and ground waters (Brumbaugh et al., 1994; Moore, 1994; Mok et al., 
1988).  
 Reductive desorption/dissolution of arsenic from Fe hydroxides is another 
important mechanism of arsenic mobilization in groundwater in the US (Welch and Lico, 
1998; Nagorski and Moore, 1999). Iron is abundant in the natural environment and since 
the Fe hydroxides have high surface capacity for arsenic absorption, the reductive 
dissolution mechanism could be the most important one for arsenic mobilization. As a 
geochemical environment turns from oxidizing to reducing, redox reactions would turn 
the insoluble Fe3+ into soluble Fe2+ and release the absorbed arsenic into surrounding 
water. Many factors can affect this process: pH, redox potential, existence of biological 
mediated reaction, and so forth (Welch et al., 2000).  
 Human activities can also introduce arsenic into groundwater. Inorganic arsenic 
compounds have been widely used in agriculture, for wood preservation and glass 
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production in the US. Pesticides and herbicides that contain inorganic arsenical 
compounds have been widely applied from 1900s until 1990s prior to being banned 
(Welch et al., 2000). Inorganic arsenic has been used as a wood preservative for more 
than 60 years and up until recently represented the single greatest use of arsenic 
compounds in the US (Welch et al., 2000). These applications of arsenic may pose 
threats to shallow groundwater. Application of phosphate fertilizers also creates the 
potential for arsenic mobilization in groundwater due to the phosphate competing with 
arsenic for adsorption space (Henke, 2009).  
 Recent studies also indicate that elevated arsenic is commonly detected in 
groundwater near waste disposal sites (Delemos et al., 2006; Keimowitz et al., 2005). 
About one third of 1191 superfund sites in the US listed arsenic as the “contaminant of 
concern” (Delemos et al., 2006). Direct disposal of inorganic arsenic, municipal waste, 
and industrial waste can introduce arsenic in groundwater (Welch et al., 2000). Table 1 
lists selected superfund sites with elevated arsenic in groundwater. The sources and 
mechanisms of arsenic mobilization in these sites are varied (Table 1).  
Table 1. List of selected typical Superfund sites with elevated arsenic in groundwater 
States ROD* 
Sites associated with the use or disposal of inorganic arsenic 
California Selma Treating Co.   
Texas French Limited Site Koppers Co., Inc. 
Ohio R05-89/086 E.H. Schilling Landfill 
South Carolina Palmetto Wood Preserving   
Sites containing primarily municipal waste 
Pennsylvania Dorney Road Landfill 
Sites containing industrial waste (may also contain municipal waste) 
Delaware Wildcat Landfill 
Iowa Todtz, Lawrence Farm 
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Massachusetts Groveland Wells Charles George Landfill 
Montana Libby Ground Water 
New Jersey Ciba-Geigy  Ringwood Mines/Landfill 
New York Fulton Terminals 
Rowe Industries 
Groundwater Contamination 
Pennsylvania Aladdin Plating Drake Chemical 
Arkansas Fort Smith 
Minnesota New Brighton/Arden Hills/TCAAP South Andover 
Virginia Avtex Fibers 
California Lorentz Barrel & Drum 
New Mexico Atchison/Santa Fe/Clovis 
Oregon Martin Marietta 
*Note: ROD (USEPA Record of Decision). Table compiled from Welch et al., 2000. Data verified through 
http://www.epa.gov/superfund/. 
 
1.3  Occurrence of Arsenic in New England 
 In the New England area, groundwater from calcareous granitoids or granodiorite 
is often noted as containing elevated arsenic (Slide et al., 2001; Yang et al., 2009, 
Robinson and Ayotte, 2007). Slide et al. (2001) reports that groundwater from fractured 
igneous and metamorphic bedrock in mid-coastal Maine contains arsenic in exceed of 10 
µg/L; the median whole rock arsenic ranges 39 – 46 mg/kg in granitoids and the arsenic 
in groundwater was mobilized by arsenical sulfide oxidation. Yang et al. (2009) reported 
that the highest occurrence rates of elevated arsenic in groundwater in the Augusta area 
of Maine were found in units of calcareous and calc-silicate bedrock. Robinson and 
Ayotte (2007) have shown that the meta-calcareous and meta-sulfidic rocks contain on 
average 24.9 mg/kg and 21.7 mg/kg arsenic which are relatively higher than other rock 
types in New England.   
 Ayotte et al. (2003) reported a regional belt with elevated arsenic in groundwater 
that extends from Maine to New Hampshire (Figure 3). In Figure 3, it can be seen that 
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most of these groundwater samples are from bedrock. Location of the SHL site that is 
investigated in this thesis lies in this high arsenic zone (Figure 3). Arsenic mobilized 
from bedrock is usually less than 100 µg/L.  
 Arsenic concentration in stream sediments, which integrate both natural and 
anthropogenic sources, have strong positive correlation with the arsenic concentrations 
with rock chemistry, geologic provinces and groundwater chemistry, but a weak positive 
correlation with past agricultural land use (Robinson and Ayotte, 2006).  
 Several cases of elevated arsenic in groundwater beneath landfills are reported in 
the New England area (Keimowitz et al., 2005; Delemos et al., 2006; Davidson, 2003; 
Mayo, 2006).  Keimowitz et al. (2005) reported a groundwater plume with on average 
270 µg/L of dissolved arsenic in the downgradient of a landfill in southern Maine; the 
source of this arsenic is considered to be in the glacial sediments. Delemos et al. (2006) 
reported arsenic mobilized with heavy metals and organic contaminants in groundwater 
from the Coakley landfill, New Hampshire; the highest arsenic at that landfill is up to 170 
µg/L. Davidson (2003) reported five landfills in central Massachusetts containing 
elevated arsenic in groundwater from 293 to 5110 µg/L respectively, and the Shepley’s 
Hill landfill (SHL) is the one with the highest arsenic concentration. Mayo (2006) studied 
the mobilization of arsenic in the SHL in detail and reported that the mobilization of 
arsenic in SHL is probably related to the reducing environment created by the organic 
material degradation, however the origin and the mechanism of arsenic mobilization at 
this site has not been fully understood. 
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Figure 3. Arsenic occurrence in groundwater in New England (based on figure from Ayotte 
et al., 2003). 
 
1.4  Landfill Activities Affect the Quality of Groundwater 
 The burial of municipal solid waste (MSW) in landfills has been the dominant 
disposal alternative since the beginning of human history, and in most countries it is still 
the dominant alternative (Kjeldsen et al., 2002; Lou et al., 2009). A complex sequence of 
biologically, chemically and physically mediated events within a landfill often results in 
Approximate location of 
study site for this thesis 
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emission of gas and generation of liquid. Precipitation that percolates through wastes in 
landfill can dissolve large amounts of both organic and inorganic constituents and form a 
contaminated plume called leachate. As leachate migrates, it is incorporated into the 
surrounding groundwater and spreads to adjacent areas. This process not only introduces 
contaminants into the groundwater but also changes the geochemical conditions within 
the ground (e.g. pH and redox potential). 
 Recent studies show that many old landfills dating back to several decades ago 
have affected groundwater quality (Christensen et al., 1998; Jensen, Ledin et al., 1999; 
Kjeldsen et al., 2002). Older landfills without proper site choosing or sufficient 
engineering can cause large amounts of leachate to enter into groundwater. Furthermore, 
wastes disposed in areas lying below the groundwater table can introduce leachates 
directly into the groundwater. Leachates bring excessive amounts of ions, heavy metals, 
radioactive elements and organic compounds, contaminate the surrounding groundwater 
resource and severely alter the geochemical conditions in the ground.  
 Modern landfills apply advanced engineering techniques including installation of 
impermeable liners and leachate collection systems that prevent surrounding groundwater 
from being contaminated. However, contamination created by closed landfills still needs 
to be investigated and further studied to design better remediation and contamination 
control. 
 This thesis will address the spatial and vertical distributions of arsenic in 
groundwater, as well as the long-term trends of arsenic mobilized in groundwater in a 
closed old-age landfill in central Massachusetts. The objective is to obtain a better 
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understanding of the relationship between landfill activity and the elevated arsenic in 
groundwater as well as the possible mechanism(s) of arsenic mobilization in the area. 
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2.  BACKGROUND 
2.1  Shepley’s Hill Landfill Location 
 The Shepley’s Hill Landfill (SHL) is located northeast of the former Fort Devens 
which established in 1917 for military use and closed under the Department of Defense 
Base Realignment and Closure Act of 1990 (Public Law 101-510). The SHL now belongs 
to the town of Ayer in northern-central Massachusetts and encompasses approximately 
340,000 m2 area (Figure 4).  
 Figure 5 is an orthophotograph map of the study site. From Figure 5, we can see 
that the study site is located between the bedrock exposures of Shepley’s Hill to the west, 
and Plow Shop Pond (PSP) to the east. The southern end borders the former Defense 
Reutilization and Marketing Office yard and the northern end transitions into low-lying 
wooded area. West Main Street in Ayer is located in the downgradient of the SHL, just 
south of Nonacoicus Brook. Both residential and commercial buildings are located along 
this street. Nonacoicus Brook , flows through PSP and the low-lying wooded area to the 
north of the landfill and merges with Nashua River a short distance to the west of the site 
(Figure 5).  
  
 
14 
 
Figure 4. Location of Shepley’s Hill landfill. The shape in red color is town of Ayer, the grey 
area shows the location of SHL (Data retrieved from MassGIS and compiled using ArcGIS 
9.3). 
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Figure 5. Orthophotograph map of the Shepley’s Hill study site. The outline of SHL is 
shown in black line. Groundwater sampling wells used in this thesis are also shown on this 
map. (Data retrieved from MassGIS and compiled using ArcGIS 9.3). 
 
West Main Street 
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2.2  Shepley’s Hill Landfill History  
 Waste disposal activities in the SHL possibly started as early as in the mid-
nineteenth century according to the pit test within the landfill, continued during the 
twentieth century, and ended in 1993 (CH2MHILL, 2007; Ford et al., 2008). During its 
last few years of use, SHL received about 6,500 tons of household refuse and 
construction debris per year (USEPA, 1995). There is no evidence of a disposal of 
hazardous waste in the landfill after November 19, 1980, and no presence of hazardous 
waste was identified within the landfill during subsurface investigations (USEPA, 1995). 
The landfill contains a variety of wastes including incinerator ash, demolition debris, 
asbestos, sanitary wastes, spent shell casings, glass, etc. (CH2MHILL, 2007). 
  The maximum depth of waste occurs in the central portion of the landfill, which is 
estimated to reach 40 feet from the ground surface. The SHL is not lined beneath the 
wastes nor was a modern leachate collection system installed. It is believed that some 
waste was disposed directly on top of wetlands. The topography map of 1928 shows the 
existence of the wetlands in the area now covered by landfill (Figure 6). The total volume 
of waste in the landfill is estimated at over 9.9 x 105 m3, of which approximately 25% is 
currently below the water table (CH2MHILL, 2007).  
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Figure 6. USGS topographic map showing the area around the SHL in 1928. The SHL 
boundary is outlined by red line. Blue color area within the SHL indicates the area of 
wetland (Mayo, 2006). 
 
2.3  Geological Setting of the SHL Area 
 Bedrock in the SHL area is mostly well-foliated Devonian granite to granodiorite. 
According to the bedrock mapping of the SHL area (Figure 7), the dominant bedrock in 
Shepley’s Hill area is the Oakdale Formation (grey) intruded by Ayer granodiorite (pink) 
and Chelmsford granite (yellow). Both the Ayer granodiorite and Chelmsford granite 
intrusion occur within the SHL. Ayer granodiorite is characterized by coarse-grained 
well-foliated porphyritic quartz-microcline-plagioclase-biotite granite to granodiorite; 
and Chelmsford granite is characterized by light gray, well foliated, fine to medium 
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grained quartz-microcline-plagioclase monzonite with minor amounts of muscovite and 
locally biotite (Kopera, 2008). 
 
Figure 7. Bedrock geologic map of the area surrounding Shepley’s Hill, town of Ayer, MA. 
Red star indicates location of the SHL (revised from Kopera, 2008). 
 
2.4 Hydrology and Surficial Geology of the SHL Area 
 The SHL is located in the lower part of the Nashua River watershed in 
Massachusetts (Figure 8). The main stream of Nashua River flows through the Wachusett 
Reservoir, meandering northward through central Massachusetts and merges into the 
Merrimack River in Southern New Hampshire.  
1 kilometer 
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Figure 8. Map of Nashua River watershed. The red star represents location of the SHL 
(Data retrieved from MassGIS and compiled using ArcGIS 9.3). 
 
 Continental glaciers advanced into Massachusetts during the Wisconsinan at 
about 23,000 years ago and melted clear of Massachusetts by about 14,000 years ago 
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(Skehan, 2001). The melting of the ice sheet made numerous and spectacular glacial 
lakes in Massachusetts and the Glacial Lake Nashua was one of them. Figure 9 shows the 
location and scale of Glacial Lake Nashua. From Figure 9, we can see that Glacial Lake 
Nashua was located along the east part of present Nashua River watershed. Successive 
stages of the lake covered a combined length of about 35 miles, though open water did 
not extend the full length at any one time (Skehan, 2001). As the ice sheet kept melting 
from south to north, the meltwater brought a large amount of sand and gravel sediments 
to this lake area and deposited it on top of the glacial till and bedrock. These sediment 
deposits brought by meltwater become nowadays’ potential aquifer. According to Figure 
9, the SHL locates within the boundary of previous Glacial Lake Nashua. 
 Direct push drilling conducted during the summer of 2010 in the SHL area shows 
the bedrock in SHL is overlain by a continuous thick layer (50 – 90 feet) of glacial 
outwash deposits mainly consisting of fine to medium size, well sorted sand. Gravels, 
boulders and poorly sorted sand appear at some locations. Beneath the glacial sand, a 
continuous glacial till covers the local bedrock formations with a typical thickness of less 
than 10 ft.  
 A peat layer within the landfill subsurface observed during the subsurface 
explorations is believed to be the remnant of the wetlands that once were part of the local 
landscape.  
 Soil samples collected in the close vicinity of SHL yielded arsenic concentrations 
ranging from 3 mg/kg to 81 mg/kg (Mayo, 2006). Arsenic in soil samples from the 
general surrounding area range between 3.8 mg/kg to 38 mg/kg with an average of 17.5 
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mg/kg (Mayo, 2006). Overburden sampling during the summer of 2010 shows that the 
solid materials within the SHL contain arsenic from 1 mg/kg to 62 mg/kg (Sovereign, 
2010). 
 
Figure 9. Map of historical Glacial Lake Nashua (From Skehan, 2001). The red area 
outlines the area of Glacial Lake Nashua. The star points out the approximate location of 
the SHL, which is close to the eastern margin of this historical glacial lake. 
 
 SHL lies within an area characterized by medium to high yield aquifers. Figure 10 
shows that the aquifer yield beneath SHL is in the range of 100 – 300 gallon/minute, and 
the adjacent aquifer towards Plow Shop Pond has > 300 gallon/ minute yield. Similarly, 
the material underlying SHL has transmissivity values of approximately 1400 square feet 
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/day and towards Plow Shop Pond the transmissivity is approximately 1000 – 4000 
square feet/day (Figure 11).  
 
Figure 10. Yield of aquifer in the SHL area (Data retrieved from MassGIS). 
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Figure 11. Transmissivity of aquifer in the SHL area (Data retrieved from MassGIS). 
 
 Figure 13 shows detailed water table contours of the SHL area. The main 
direction of groundwater flow through SHL is toward the north (Figure 13). In the 
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southern part of the area, groundwater flows to the northeast, turning westward before 
discharging into Nonacoicus Brook. Some groundwater discharges into a “Red Cove” of 
Plow Shop Pond (Figure 12), which is noted for reddish precipitates of ferric hydroxides 
(Figure 12) due to the oxidation of ferrous compounds in the discharging groundwater 
from SHL. This precipitates also contains high arsenic in bulk weight (ACOE, 2003).  
 
Figure 12. Photograph of precipitates in “Red Cove” (see Figure 13 for location). Lower 
part of the photo shows the yellow to reddish iron precipitates; upper part of the photo 
shows the pond surface with water lily leaves (6 – 12 inches in diameter). (Photo taken on 
July 30th, 2009). 
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Figure 13. Contour map of groundwater elevations in the SHL area, the location of “Red 
Cove” is shown on the map (CH2MHILL, 2007). 
 
Red Cove 
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2.5  Arsenic Contamination and Previous Study 
 The SHL was placed on the National Priorities List (NPL) in November 1989 
(Sovereign, 2010). Subsequent to closure of the SHL (1987 – 1993), remedial 
investigations were completed under Comprehensive Environmental Response, 
Compensation, and Liability Act (CERCLA), which evaluated soil, sediment, surface 
water, and groundwater conditions at and in the immediate vicinity of the SHL. The 
investigation concluded that groundwater that flows through SHL had being 
contaminated by several volatile organic compounds (VOCs) such as dichlorobenzenes 
and 1,2-dichloroethane, and several inorganic compounds including arsenic, calcium, 
iron, magnesium, manganese, and potassium. Arsenic was later considered the major 
“Contaminant of Concerns” in the SHL area due to its high concentration in the 
downgradient of the SHL.  
 The Records of Decision (ROD) outlined the remediation objectives for SHL 
(USEPA, 1995). In compliance of the ROD, a series of remedial activities were 
conducted in SHL area, including installation of PVC membrane cap and gas vents to the 
landfill to prevent further precipitation infiltration and gas accumulation, long-term 
monitoring the groundwater quality in SHL area, as well as installation of an extraction 
and treatment plant in 2006 to prevent the arsenic from migrating further downgradient 
(CH2MHILL, 2007).  
 Extremely high arsenic were detected repeatedly downgradient of SHL during the 
long term monitoring sampling. Arsenic concentration was up to 5100 g/L in previous 
monitoring. In spite of over a decade of remediation effort, the concentration of arsenic at 
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SHL remains high, reaching 1400 g/L at certain locations in 2009 (Table 24). The 
average arsenic concentration in contaminated plume is over 255 g/L in 2009 (Table 
24), which is still 3 orders of magnitude in exceed of the MCL for arsenic. 
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3.  OBJECTIVES 
 The case of elevated arsenic at the SHL provides a chance to understand how the 
previous landfill activity relates to the mobilization of arsenic in groundwater. The main 
objectives of this thesis are the following: 1. Better understand the current chemical 
compositions of groundwater associating landfill leachate plume at the SHL and the 
geochemical environment under the influence of SHL. 2. Better understand 
characteristics of arsenic mobilization in the SHL area. To be more specific, try to better 
understand the current migration pathways of arsenic from the SHL to its downgradient 
area and summarize the geochemical environment necessary for arsenic mobilization in 
groundwater. 3. Understand the relationship between the mobilization of arsenic and 
other compounds in groundwater in the SHL area. 4. Understand the long-term trend of 
arsenic mobilization. 5. Try to identify the most possible source(s) for arsenic mobilized 
in groundwater. The source of arsenic in the SHL area can be either from natural origin 
or from landfill wastes. 6. Analyze the possible significant factors responsible for the 
mobilization of arsenic, and deduce the possible mechanism(s) for arsenic mobilization in 
the SHL area. 
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4.  METHODOLOGY 
4.1  Data Description 
 Two datasets are used in this thesis to fulfill the study purpose. One dataset 
consists of analytical data obtained during the 12 years of routine semiannual monitoring 
of the SHL leachate plume from 1998 to 2009. The data were provided by the courtesy of 
the Department of the Army, Base Realignment and Closure Division, U.S. Army 
Garrison Fort Devens, MA. The second dataset consists of analytical data measured at 
Boston College on groundwater samples collected during the direct-push interval 
sampling in summer 2010. Direct-push technology (DPT) allows sampling at every 10 
feet interval along a vertical profile affording data on vertical variations within the 
landfill as well as in the downgradient area of the landfill. Data from the long term 
monitoring allows an assessment of chemical changes within the plume over time 
whereas the DPT data provide a view of the 3D variations within the plume at just one 
time. 
4.1.1 Long-term Monitoring (LTM) Dataset 
 From the time of the landfill closure in 1992 the landfill plume was regularly 
monitored at the landfill periphery by collecting and analyzing groundwater samples for a 
set of chemical parameters from about 30 well locations. Only 14 wells were, however, 
sampled regularly from 1998 to 2009, which are included in the long-term monitoring 
dataset used for this thesis. The locations of these wells are shown on Figure 14. 
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 On Figure 14, monitoring wells included in the LTM dataset are further divided 
into two groups according to their relevant locations. Wells in Group 1 (LTG1) are along 
the east boundary of SHL, which are also adjacent to the PSP (Figure 14, green dots). 
Wells in Group 2 (LTG2) are located along the northern periphery of the site, 
downgradient of SHL, and close to the arsenic treatment plant and the extraction wells 
(Figure 14, red dots). 
 Table 2 lists the hydrological properties and spatial coordinates of wells included 
in the LTM dataset. Groundwater samples from shallow overburden (groundwater from 
near water table), deep overburden (water from sand/till overburden), and from 
till/bedrock were regularly sampled and analyzed. 
 
Figure 14. Map of the SHL area showing the locations of wells included in LTM dataset. 
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Table 2. Hydrological properties and spatial coordinates of wells in LTM dataset 
Grouping Well ID 
Groundwater 
Sampled from 
Latitude Longitude 
LTG1                          
(East Side of SHL) 
SHL-11 Water Table 42.55506592 -71.59527298 
SHL-19 Water Table 42.55404467 -71.59464606 
SHL-20 Till 42.55509903 -71.59539638 
SHL-3 Water Table 42.55338995 -71.5937298 
SHL-4 Water Table 42.55435219 -71.59497553 
SHL-10 Water Table 42.55383718 -71.59385795 
SHL-10C Bedrock 42.55377416 -71.59385542 
LTG2 
(North Side of SHL) 
SHL-5 Water table 42.55728235 -71.5964005 
SHL-9 Water table 42.55733921 -71.59708493 
SHL-22 Base of till 42.557404 -71.59700223 
SHM-22C Bedrock 42.55732877 -71.59696814 
SHM-22B Sand/Till interface 42.55724193 -71.59650894 
SHM-5B Sand/Till interface 42.55719845 -71.59639088 
SHM-5C Sand 42.55736627 -71.59679967 
 
A variety of chemical parameters including various volatile organic compounds 
(VOCs), metals, major ions and other general chemistry parameters were regularly 
analyzed for groundwater sampled for the purpose of long term monitoring. Field 
measurements including dissolved oxygen (DO), oxidation-reduction potential (ORP), 
etc. were also recorded after the fall 2001. But this thesis only uses part of the chemical 
parameters. Table 3 lists the selected chemical parameters used in this thesis.  
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Table 3. Selected chemical parameters included in LTM dataset 
Parameter Categories Chemical Parameters 
VOCs 
1,1-Dichloroethane  Chloroethane    
1,2-Dichlorobenzene  Chloroform    
1,2-Dichloroethane  cis-1,2-Dichloroethene    
1,2-Dichloroethene (total)  Cyanide, Total    
1,3-Dichlorobenzene Ethyl ether    
1,4-Dichlorobenzene  Methyl Chloride    
2-Butanone  Methyl-t-Butyl Ether    
4-Methyl-2-Pentanone  Tetrahydrofuran   
Acetone  Toluene   
Benzene  Vinyl Chloride   
Chlorobenzene  Xylenes    
Heavy Metals 
Barium Mercury Arsenic 
Cadmium Nickel   
Chromium Selenium   
Copper Silver   
Lead Zinc   
Major Ions 
Aluminum Manganese   
Calcium  Potassium   
Chloride Sodium   
Iron Sulfate   
Magnesium     
Field Measurements ORP pH   
 
4.1.2 Direct Push Technology (DPT) Sampling Dataset  
 Figure 15 is a schematic illustration of the DPT groundwater sampling technique. 
The DPT approach offers an opportunity to collect groundwater samples at different 
depths at the same location, which is an efficient way to acquire information about the 
vertical profile in the subsurface. This method is especially useful for obtaining data on 
vertical variations in groundwater chemistry in the SHL, where the groundwater 
chemistry is heterogeneous. 
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Figure 15. Schematic illustration of DPT groundwater sampling method. The left side of the 
figure shows the condition at the time of drilling; the sampling screen is sheathed. The right 
side shows the condition at the time of sampling; the screen opened and groundwater 
collected through the open slots (Illustration from Zlotnik et al., 2007). 
 
 DPT groundwater sampling was conducted in the summer of 2010 by Sovereign 
Consulting Inc. Groundwater was sampled using DPT at 27 locations at every 10 ft depth 
interval within the boundary of the SHL and in the downgradient area of the SHL. Data 
from 18 selected wells are included in the DPT dataset of this thesis. Table 4 lists all 18 
wells used in this thesis and their spatial coordinates. All collected groundwater samples 
were filtered in the field using 0.45 µm filter pore size.  
 Groundwater samples obtained from DPT were analyzed in the Geochemistry 
Laboratory in the Department of Earth and Environmental Sciences, Boston College for 
major ions using Ion Chromatography (IC) and for total arsenic using Hydride 
Generation-Atomic Fluorescence Spectrometry (HG-AFS). IC analyzed anions include 
fluoride, chloride, bromide, nitrite, nitrate, sulfate, and phosphate; cations include 
lithium, sodium, potassium, magnesium, calcium and ammonium. The levels of fluoride, 
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bromide, phosphate, nitrite and lithium are constantly lower than their detection limits 
and are not included in the dataset. Sovereign Consulting Inc. collected and analyzed the 
same samples as we used in this thesis. Their analytical results were used for quality 
assurance of our analysis. 
  Field measurements including DO, ORP, pH, and specific conductivity for each 
sample were recorded in the field. Additional analytical data for alkalinity, dissolved 
iron, and dissolved manganese were obtained from the final report prepared by Sovereign 
Consulting Inc. (Sovereign, 2010). 
 All eighteen DPT wells are further organized into three groups based on their 
locations (Figure 16). From Figure 16 it can be seen that: Group 1 (DPG1) includes wells 
that are located within the boundary of SHL, where groundwater is considered to be 
directly impacted by the landfill leachate plume; Group 2 (DPG2) includes wells that are 
located north downgradient of SHL but in the south of Nonacoicus Brook; Group 3 
(DPG3) are wells located north of NB, where the groundwater may not be influenced by 
the landfill activity at SHL.    
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Table 4. Grouping of DPT wells and their spatial coordinates 
Grouping Well-ID Latitude Longitude 
DPG1 (SHL) 
SHM-10-06 42.556569 -71.596453 
SHM-10-07 42.55405 -71.596008 
SHM-10-11 42.551367 -71.597503 
SHM-10-12 42.553317 -71.598 
SHM-10-13 42.554619 -71.597606 
SHM-10-14 42.555206 -71.597925 
SHM-10-15 42.554314 -71.598383 
DPG2 (South of NB) 
SHM-10-01 42.558428 -71.601117 
SHM-10-05 42.559414 -71.596042 
SHM-10-05A 42.559453 -71.595658 
SHM-10-06A 42.556703 -71.596178 
SHM-10-09 42.558158 -71.601633 
SHM-10-10 42.559406 -71.600256 
SHM-10-16 42.557897 -71.597869 
DPG3 (North of NB) 
SHM-10-02 42.5589 -71.603028 
SHM-10-03 42.559722 -71.60285 
SHM-10-04 42.560997 -71.601047 
SHM-10-08 42.558253 -71.603314 
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Figure 16. Map of the SHL area showing the locations and grouping of DPT wells.
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4.2  Analytical Techniques 
4.2.1 Ion Chromatography (IC) 
 Groundwater samples collected in summer 2010 during the DPT sampling were 
analyzed for anions: fluoride, chloride, bromide, nitrite, nitrate, sulfate, and phosphate; 
and and for cations: lithium, sodium, potassium, magnesium, calcium and ammonium. 
These analyses were done using IC at the Geochemistry Laboratory in the Department of 
Earth and Environmental Sciences, Boston College, Chestnut Hill, Massachusetts. 
 Figure 17 shows the basic components of an IC instrument. As shown in Figure 
17, a pump delivers the mobile phase (eluent) continuously at a constant rate and small 
amount of sample is then injected through an injection valve. Eluent and sample then 
flow jointly through an ion separator for ion-exchange reaction. The ion separator is 
usually a column made from inert material such as epoxy resins. Different ions are 
separated as the carrier and sample flow through the column due to different affinities of 
ions to the column resins creating a different retention time of ions within the column. 
The separator material, which is the most important part of the IC, determines the types 
of ions to be separated and the quality of analysis. After separation, the separated ions 
and eluent flow through a detector, which usually consists of a suppressor system and a 
conductivity cell. The suppressor chemically reduces high background conductivity of 
the electrolytes in the eluent, and converts the sample ions into a more conductive form 
(Weiss, 1995). The concentration of each ion is finally quantified by a conductivity cell 
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as the concentration of ion is correlated with the conductivity of the electrolyte (Weiss, 
1995). 
 
Figure 17. Schematic illustration of basic components of IC (Illustration from Weiss, 1995). 
 
 The IC system in Geochemistry Laboratory at Boston College consists of Dionex 
IC – 25 for anion analysis and Dionex ICS – 1000 for cation analysis, and is controlled 
by Microsoft Windows software – Chromeleon. 
 AS40 Automated Sampler was used to introduce water samples into the Dionex 
IC – 25 and Dionex ICS – 1000. The AS40 is equipped with 11 cartridges, each with 6 
sample vial spaces, which allows up to 66 water samples to be analyzed in one sequence. 
 The Dionex IonPac® AS16 Analytical (4 x 250 mm) Column was used in the 
anion analysis. This column uses 8.0 mM sodium carbonate/1.0 mM sodium bicarbonate 
eluent at a flow rate of 0.75 mL/min. The operating current is 33 mA and the operating 
pressure is approximately between 1600 – 1800 psi.  
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 The Dionex Ion Pac® CS14 Analytical (4 x 250 mm) Column was used in the 
cation analysis during this study. This column uses an 18 mM methane sulfonic acid 
eluent at a flow rate of 1.0 mL/min. The operating current is 63 mA and operating 
pressure for this column is approximately between 900 – 1000 psi. 
 Samples collected in the field for IC analysis were filtered in the field through 
0.45 microns filter pore size and left unpreserved. Samples were collected using 250 ml 
or 125 ml HDPE bottles then packed into a cooler with ice, kept at approximately at 4 ºC 
and transported to the Geochemistry Lab at Boston College. The samples were then 
stored in a refrigerator at around 4 ºC and analyzed within 48 hours if possible. 
 Specific conductivity (SC) of each sample was measured before each IC analysis. 
Groundwater samples with SC exceeding 500 µS/cm were diluted to below 500 µS/cm 
by 39eionized water prior to their analysis. A total of 5 milliliters of each sample was 
injected into a sterile plastic vial through a 0.22 micron size filter pore syringe. Each vial 
was then covered by a cap, inserted into the sample cartridge, and loaded in the auto-
sampler for analysis. 
 For the purpose of QC, several procedures were applied during this analysis. The 
IC analysis was operated according to the Standard Operation Procedures for Ion 
Chromatography developed in the BC Geochemistry Laboratory. The initial calibration 
was considered valid only if the correlation coefficient for the initial calibration was 
greater than or equal to 99.5. The eluents for both anion analysis and cation analysis were 
prepared fresh each time prior to analysis from the stock concentrated solutions. Before 
sample analysis, the Dionex instrumentation was purged each time for at least 30 minutes 
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until the background SC reading became constant. Deionized water or standards with 
known ion concentrations were used in every 5 samples invertal to ensure the quality of 
analysis. 
 For the purpose of QA, the major ion results from the BC lab were compared with 
those for the same samples in final report developed by Sovereign Consulting Inc. Table 
5 lists data comparison for selected cations analysis and Table 6 lists data comparison for 
selected anions analysis. The differences between the results from BC and those from 
Sovereign Consulting Inc. are commonly controlled within 25%, though at very low 
concentration the differences can be higher than that. 
Table 5. Data comparison of selected cation analysis 
Sample ID* 
Calcium (mg/L) Magnesium (mg/L) 
Sovereign BC Δx Sovereign BC Δx 
06-024 3.1 3.64 17.40% 0.27 0.33 22.20% 
06-034 14.9 15.7 5.40% 1.48 1.65 11.50% 
06-044 18.3 20.6 12.60% 1.5 1.79 19.30% 
06-064 65.7 57.8 12% 9.54 8.85 7.20% 
06-074 53.4 55.6 4.10% 10.1 10.5 3.70% 
06-079 56.6 57.1 0.90% 10.7 11.2 4.60% 
Sample ID* 
Potassium (mg/L) Sodium (mg/L) 
Sovereign BC Δx Sovereign BC Δx 
06-024 0.82 0.87 6.10% 0.7 0.9 28.60% 
06-034 2.7 2.8 3.70% 2.1 2.19 4.30% 
06-044 3.44 3.34 2.90% 4 5.2 30% 
06-064 18.2 16.6 9% 30.8 32.3 5% 
06-074 10.7 10.4 3.30% 19.1 19.1 0.10% 
06-079 12.5 10.5 16% 24.7 23.4 5.20% 
*: The sample ID is consisted of well-ID and depth, e.g.: for well 06-024, 06 means well SHM-10-06, 024 
means sampling depth is 54 feet from ground surface. 
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Table 6. Data comparison of selected anion analysis 
Sample-ID* 
Chloride (mg/L) Sulfate (mg/L) 
Sovereign BC Δx Sovereign BC Δx 
04-054 67 73.3 9% 87 82.1 5.6% 
04-064 120 116 3% 97 95.9 1.1% 
04-074 210 201 4% 32 33.7 5.2% 
04-084 150 134 11% 34 36.0 5.8% 
04-094 820 760 7% 30 29.0 3.7% 
 *: The sample ID is consisted of well-ID and depth, e.g.: for well 04-054, 04 means well SHM-10-04, 054 
means sampling depth is 54 feet from ground surface. 
 
4.2.2 Hydride Generation Atomic Fluorescence Spectrometry (HG-AFS) 
 Groundwater samples collected through DPT sampling in summer 2010 were 
analyzed for total arsenic in the BC Geochemistry Laboratory using PS Analytical 10.055 
Millennium Excalibur Hydride Generation Atomic Fluorescence Spectrometry (HG-
AFS).  
 HG-AFS is a method commonly applied for the total arsenic quantification 
(Winefordner and Vickers, 1964; Chen et al., 2005; Sun et al. 2005). First of all, covalent 
gaseous hydrides can be formed for the elements Ge, Sn, Pb, As, Sb, Bi, Te and Se. The 
gaseous hydrides can then be atomized in a flame, an electrically heated tube or a plasma 
(Ebdon et al., 1998). On the next stage, the atoms get to their excited state by absorbing 
radiation of certain frequency and later are deactivated again by the emitting radiation of 
the same or lesser frequency. Different element has its own distinct characteristic 
radiation frequency for excitation, and the intensity of the radiation emission during the 
deactivation process may be used as a measurement of concentration (Winefordner and 
Vickers, 1964).  
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 The HG-AFS in the BC lab consists of two peristaltic pumps (one for reagent and 
the other for sample solutions delivery), an electronically controlled switching valve for 
alternating between blank solution and sample solutions, and a gas/liquid separator for 
the hydride gas product delivery to the detector where subsequent spectroscopic 
quantification takes place. The gaseous hydride of arsenic is arsine (AsH3). Argon gas is 
used as the carrier gas for arsine. 
 The atomic fluorescence detector is inside the PSA unit, which includes a boosted 
discharge hollow cathode lamp (BDHCL) as an excitation source, a hydrogen diffusion 
flame as an atom cell, a collection of lenses to focus and collect useful radiation, a filter 
to achieve wavelength isolation and reduce the flame emissions.  The primary current for 
BDHCL for arsenic analysis is 27.5 mA and the boost current is 35 mA. This HG-AFS is 
controlled by Microsoft Windows software named Millennium.  
 All chemical solutions and calibration standards used for HG-AFS were prepared 
in accordance with PS Analytical specifications (PS Analytical, 2002) using certified 
stock solutions. Since reagents may contain trace arsenic as an impurity, trace metal 
grade reagents were used exclusively.  
 The following solutions were prepared fresh prior to HG-AFS analysis: 
 12 M HCl is prepared as an acidify agent for water sample acidification.  
 30% v/v HCL is prepared as a reagent blank, which is run as background 
solutions for HG-AFS. 
 Reductant used for HG-AFS consists of 0.7% m/v sodium 
tetraborohydrate (NaBH4) and 0.1 M sodium hydroxide (NaOH).  
  
 
43 
 Digestant used for HG-AFS consists of 50% m/v potassium iodide (KI) 
and 10% m/v ascorbic acid (C6H8O6). 
 Arsenic standard solutions used for calibration and quality control were 
prepared by diluting the 1000 mg/L standard solution to the following 
concentrations using 43eionized water.  
As standard             As Concentration in µg/L     X ml 
        #1                                             Blank                                          0 
        #2                                                10                                             1 
        #3                                                20                                             2 
        #4                                                50                                             5 
        #5                                                80                                             8 
 
 Analysis of total arsenic in groundwater samples was performed in accordance 
with the Millennium Excalibur method for analysis of arsenic in drinking, surface, 
ground, saline, and industrial and domestic wastewater developed by PS Analytical (PS 
Analytical, 2002). 
 Water samples were initially acidified by an acidifying agent. At the same time all 
the arsenate ions (with 5 valences) in the sample were reduced to arsenite ions (with 3 
valences) by a digestant. Acidified samples were then treated with sodium 
tetrahydroborate (NaBH4) for the arsine (AsH3) generation (Equation 1). This reaction 
occurs inside the liquid-gas separator. The arsine and excess hydrogen are swept out of 
the generation vessel by a stream of argon gas, and enter into a chemical generated 
hydrogen diffusion flame. The hydrides are atomized with the use of flame and the 
resulting atomic radiation was detected and quantified by atomic fluorescence 
spectrometry.  
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4 AsCl3 + 3 NaBH4 → 4 AsH3 (gas) + 3 NaCl + 3 BCl3        (1) 
 Groundwater samples collected for HG-AFS analysis were filtered in the field 
using 0.45 µm filter pore size. Even though not all samples collected for total arsenic 
were preserved in the field, the digestion process during sample preparation is able to 
reduce all the oxidized arsenate back to arsenite for HG-AFS detection. Once the 
groundwater samples were collected they were packed in a cooler with ice, kept at 
approximately 4°C, and transported to the BC Geochemistry Lab for storage at 
approximately 4°C.  
 Field arsenic measurement for each groundwater sample was accomplished in the 
field using quick an arsenic test kit. This measurement allows us to estimate an 
approximate arsenic level in groundwater. Due to the detection limitation of HG-AFS in 
the BC Geochemistry lab, which is between 0 – 80 µg/L, water samples estimated to 
exceed 80 µg/L in the field will firstly diluted below 80 µg/L prior to HG-AFS analysis. 
 Several procedures were applied for the purpose of QC. The initial calibration 
was considered valid only if the % correlation coefficient for the initial calibration was 
greater than or equal to 99.99. Solutions and samples were prepared fresh prior to 
analysis. Known arsenic concentration standard solutions were prepared each time and 
analyzed at every 5 samples interval. The analysis for each sample was not started until 
the signal came back to baseline level.  
 Total arsenic analysis results from the BC lab are compared with data from the 
final report prepared by Sovereign Consulting Inc. Table 7 lists data comparison of total 
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arsenic analysis for selected samples. The differences are typically better than 25%, 
though at very small concentration levels, the differences can exceed 25%.  
Table 7. Data comparison of total arsenic analysis in selected samples  
Sample ID* 
Arsenic (µg/L) 
Sovereign BC Δx 
14-039 14 7 50% 
14-049 772 608 21% 
     14-059 2400 2909 21% 
14-069 5110 3825 25% 
14-079 15100 14930 1.1% 
*: The sample ID is consisted of well-ID and the sampling depth, e.g.: 14-039 refers to groundwater sample 
collected from DPT well SHM-10-14 at depth of 39 feet below ground surface.
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5.  RESULTS 
 This chapter is organized into the following five sections: 
 1. Presentation of the analytical results of major ions and total dissolved arsenic in 
the groundwater samples collected during the summer of 2010 from DPT sampling and 
analyzed in the BC lab. 
 2. Summary of geochemical characteristics of the groundwater in the SHL area 
based on LTM dataset and DPT dataset. 
 3. The spatial distributions of arsenic and other compounds in the SHL area. 
 4. The vertical profiles of arsenic and other compounds in the SHL area. 
 5. Long term trends of arsenic and chloride concentrations in groundwater in the 
SHL area. 
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5.1  Analytical Results of Major Ions and Total Dissolved Arsenic 
 Analytical results for major ions in the DPT groundwater samples using the IC 
method at the BC lab are shown in Table 8, 9, and 10. The results are organized into 
groups according to their field well locations, i.e. DPG1, DPG2, and DPG3.  
 Analytical results for total arsenic in the same samples using the HG-AFS method 
at the BC lab are shown in Table 11. Selected samples (samples from well SHM-10-11 to 
SHM-10-16) from DPT sampling were analyzed in the BC lab. 
 All additional geochemical parameters used in this thesis including field 
measurements, dissolved iron, manganese, and chemical oxygen demand (COD) are 
obtained from the Sovereign Consulting Inc. (Sovereign Consulting Inc., 2010) and are 
included in Appendix A. 
Table 8. Analytical results of major ions for DPG1 
Sample ID 1    
Ions 
2
                    Cl
- NO3
- SO4
2- Na+ NH4
+ K+ Mg2+ Ca2+ 
06-25 0.48 n.d. 1.18 0.90 0.16 0.87 0.33 3.64 
06-34 0.85 1.09 3.10 2.19 3.72 2.80 1.65 15.7 
06-45 2.64 2.87 15.4 5.20 2.32 3.34 1.79 20.6 
06-54 43.4 n.d. 1.69 20.0 5.79 43.0 5.99 40.5 
06-64 17.6 1.03 1.04 32.3 6.89 16.6 8.85 57.8 
06-74 9.88 n.d. 1.26 19.1 2.68 10.4 10.5 55.6 
06-79 13.9 0.91 4.35 23.4 3.05 10.5 11.2 57.1 
07-39 35.9 0.70 n.d. 29.5 6.36 14.8 8.9 60.0 
07-49 38.6 n.d. 1.79 29.7 5.61 23.9 12.1 66.0 
11-49 10.6 n.d. 16.8 14.7 3.53 6.32 2.83 17.5 
11-59 17.9 n.d. 50.4 20.5 2.89 4.22 3.93 44.1 
11-64 34.2 0.89 18.6 49.8 3.15 24.4 8.21 47.3 
12-44 3.33 n.d. 2.08 4.33 5.93 5.08 2.31 30.5 
12-54 7.65 n.d. 4.62 8.48 5.24 6.70 2.64 39.3 
12-65 21.7 n.d. 9.66 25.9 2.93 17.2 6.76 54.6 
13-39 8.87 n.d. n.d. 15.5 17.16 13.6 7.46 73.4 
13-49 39.3 n.d. 1.01 61.7 13.86 17.5 20.3 109 
13-59 13.3 n.d. n.d. 24.2 20.02 17.0 14.2 82.6 
13-69 16.3 n.d. 0.81 12.7 8.73 8.24 8.39 53.1 
13-79 58.0 1.46 9.30 35.9 n.d. 4.59 4.11 33.6 
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14-39 9.28 n.d. n.d. 17.4 15.18 4.93 7.98 69.5 
14-49 3.99 n.d. 0.68 7.59 10.61 7.06 4.43 50.9 
14-59 7.57 n.d. 2.02 13.0 9.53 6.54 5.49 51.7 
14-69 2.81 n.d. 1.71 4.97 6.95 6.27 3.58 37.3 
14-79 4.53 n.d. 4.49 5.47 4.65 3.77 3.68 26.9 
15-39 4.01 n.d. 0.84 7.50 10.77 7.63 4.87 45.9 
15-49 9.33 n.d. 4.38 13.3 2.80 6.59 7.42 47.0 
15-59 51.8 2.20 15.4 33.6 n.d. 5.75 4.07 34.2 
      Notes: 
      1. Sample ID consists of well-ID and the sampling depth. For example, sample ID 06-25 refers to a     
sample collected from well SHM-10-06 at depth of 25 feet below the ground surface. 
      2. All units for ion concentrations are in milligram per liter (mg/L). 
      3. n.d. refers to not detected. 
 
Table 9. Analytical results of major ions for DPG2 
Sample-ID 1  
Ions 
2
 Cl
- NO3
- SO4
2- Na+ NH4
+ K+ Mg2+ Ca2+ 
01-09 36.7 13.3 16.9 36.1 n.d. 2.13 1.63 12.3 
01-19 72.3 13.4 14.3 62.1 n.d. 3.79 1.66 14.7 
01-29 63.9 8.53 25.1 61.6 1.93 2.77 1.20 11.4 
01-39 150 14.6 19.4 50.9 3.99 4.59 4.71 49.0 
01-49 19.5 1.35 6.02 19.7 2.04 2.45 2.08 20.9 
01-59 25.8 0.97 6.95 11.2 1.09 2.39 3.14 36.5 
01-69 26.4 3.87 9.26 18.9 1.18 3.39 5.12 45.1 
01-75 64.0 8.58 13.7 43.5 2.58 3.79 4.26 29.5 
05-15 12.0 2.65 8.82 13.2 n.d. 1.40 1.53 9.11 
05-25 40.2 n.d. 4.24 25.3 1.24 1.65 2.66 16.9 
05-35 28.9 n.d. 2.61 22.4 n.d. 1.12 2.54 13.2 
05-45 47.2 n.d. 1.72 28.9 1.57 1.86 2.65 17.3 
05A-29 250 5.80 10.9 190 n.d. 3.32 0.70 6.82 
05A-39 24.9 11.4 25.3 32.3 n.d. 1.95 2.73 14.1 
05A-49 19.9 8.31 12.9 21.3 n.d. 1.28 2.27 19.5 
05A-59 35.9 3.13 11.8 24.3 n.d. 1.78 2.44 21.5 
05A-69 22.5 4.67 11.8 24.4 n.d. 1.82 2.50 22.7 
05A-79 15.6 4.14 8.10 21.3 n.d. 2.53 2.11 18.8 
05A-89 25.6 11.8 25.7 32.0 n.d. 1.77 2.89 13.3 
05A-99 46.5 0.66 23.5 32.4 1.61 4.40 6.22 70.9 
05A-109 157 1.65 40.7 101 n.d. 1.05 10.9 100 
06A-34 4.22 0.58 5.01 5.62 n.d. 0.74 0.73 4.79 
06A-45 0.94 n.d. 8.06 2.40 0.52 2.54 0.72 10.1 
06A-54 1.10 n.d. 15.3 2.93 2.21 2.31 1.65 26.6 
06A-64 3.31 n.d. 3.92 5.09 3.98 4.37 2.25 18.8 
06A-74 6.56 3.66 4.82 14.7 4.35 6.69 3.59 27.7 
06A-84 3.91 n.d. 3.25 13.6 8.14 8.02 4.41 25.8 
06A-94 19.3 1.42 4.29 35.4 5.73 9.88 9.64 70.5 
06A-104 21.4 n.d. 3.72 38.1 4.08 7.77 14.7 104 
06A-110 10.3 n.d. 1.98 20.0 1.05 3.77 7.65 51.0 
09-21 6.74 2.82 7.44 6.79 n.d. 1.08 0.79 7.78 
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09-31 42.0 12.2 11.5 34.9 n.d. 2.20 1.02 11.9 
09-41 173 7.35 11.4 124 n.d. 3.74 2.32 20.4 
09-51 190 11.2 15.9 128 n.d. 2.99 2.52 24.7 
09-61 38.6 2.89 14.2 30.0 n.d. 3.64 6.04 47.9 
09-71 73.2 3.26 16.1 46.6 n.d. 4.54 7.47 53.3 
09-81 56.2 3.45 15.2 36.1 1.47 4.32 5.85 47.5 
10-11 12.0 5.33 7.61 13.9 n.d. 2.95 1.44 10.0 
10-21 71.3 10.7 10.2 55.3 n.d. 2.89 1.97 18.4 
10-31 107 0.93 15.0 80.4 8.98 6.81 2.93 23.5 
10-41 72 n.d. 6.05 44.2 10.3 8.88 5.15 35.8 
10-51 19.1 n.d. 1.49 32.6 2.18 6.04 12.6 76.6 
10-61 68.3 n.d. 2.26 42.0 2.90 4.12 14.8 117 
10-71 70.0 0.76 2.65 43.3 3.19 5.38 14.7 105 
16-24 2.80 3.22 8.81 3.10 0.47 2.44 1.21 15.3 
16-34 11.4 1.10 11.4 10.4 n.d. 4.44 1.92 21.7 
16-54 58.3 2.00 12.3 35.4 n.d. 4.62 3.56 33.7 
16-64 5.79 n.d. 8.01 16.4 10.5 11.6 6.51 32.0 
16-74 46.4 1.50 9.24 36.6 3.04 14.3 7.31 40.3 
16-84 31.9 n.d. 0.84 44.9 n.d. 5.52 18.7 119 
     Notes: 
     1. Sample ID consists of well-ID and the sampling depth. For example, sample ID 01-009 refers to a 
sample collected from well SHM-10-01 at depth of 9 feet below the ground surface. 
     2. All units for ion concentrations are in milligram per liter (mg/L). 
     3. n.d. refers to not detected. 
 
Table 10. Analytical results of major ions for DPG3 
Sample-ID 1  
Ions 2
 Cl
- NO3
- SO4
2- Na+ NH4
+ K+ Mg2+ Ca2+ 
02-24 122 n.d. 24.2 47.0 n.d. 3.86 14.0 99.9 
02-34 136 n.d. 27.9 45.6 n.d. 4.33 14.2 103 
02-44 106 n.d. 16.0 49.8 n.d. 3.71 12.8 96.4 
02-54 103 n.d. 14.6 45.8 2.66 4.15 13.7 97.9 
02-64 142 n.d. 22.8 80.2 n.d. 4.85 15.7 114 
02-74 629 n.d. 34.4 202 n.d. 9.09 37.1 274 
02-84 675 n.d. 33.1 226 8.71 11.6 41.2 292 
02-94 686 n.d. 34.1 280 n.d. 9.54 32.7 235 
02-102 437 n.d. 31.1 149 n.d. 11.2 38.3 262 
03-29 177 5.38 39.6 136 n.d. 5.64 4.15 30.2 
03-39 496 17.4 23.1 293 n.d. 10.4 10.0 73.2 
03-49 837 2.17 36.6 410 n.d. 12.7 12.0 98.9 
03-59 1102 2.34 31.2 593 n.d. 8.30 11.8 103 
03-69 1178 n.d. 30.2 446 n.d. 10.7 31.2 233 
04-14 2.62 n.d. 0.94 3.59 n.d. 0.38 0.35 2.42 
04-24 1.89 n.d. n.d. 2.85 n.d. 0.52 0.24 2.64 
04-34 1.49 n.d. n.d. 4.13 0.43 0.76 0.58 4.26 
04-44 22.4 16.1 26.1 20.3 n.d. 1.68 2.71 23.7 
04-54 73.3 27.4 82.1 38.9 6.13 3.51 17.0 62.1 
04-64 116 18.1 95.9 83.9 n.d. 3.34 12.8 76.2 
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04-74 201 1.82 33.7 184 n.d. 3.48 2.15 17.3 
04-84 134 2.12 36.0 167 n.d. 2.61 1.56 10.4 
04-94 760 n.d. 28.9 324 n.d. 14.7 20.2 157 
08-11 17.7 n.d. 8.22 12.9 n.d. 1.57 3.93 28.3 
08-21 33.6 n.d. 11.8 21.6 n.d. 2.30 6.97 51.2 
08-31 62.5 n.d. 14.2 36.9 n.d. 3.39 13.5 111 
08-41 83.1 n.d. 17.2 36.7 1.50 3.63 15.0 132 
08-51 56.2 n.d. 10.8 48.9 n.d. 5.27 24.6 178 
08-61 63.2 n.d. 13.3 38.0 1.79 5.09 17.9 136 
          Notes: 
          1. Sample ID consists of well-ID and the sampling depth. For example, sample ID 06-25 refers to a 
sample collected from well SHM-10-06 at depth of 25 feet below the ground surface. 
          2. All units for ion concentrations are in milligram per liter (mg/L). 
          3. n.d. refers to not detected. 
 
Table 11. Analytical results of total dissolved arsenic 
Sample ID* As (µg/L) Sample-ID As (µg/L) 
11-49 189.2 14-59 2909 
11-59 162.6 14-69 3825 
11-64 10.4 14-79 14930 
12-44 2175 15-39 681 
12-54 1534 15-49 12328 
12-65 25.7 15-59 276 
13-39 109 16-24 5.48 
13-49 8.97 16-34 4.88 
13-59 96.4 16-54 7.12 
13-69 778 16-64 366 
13-79 59.0 16-74 42.4 
14-39 7.32 16-84 251 
14-49 608   
*Note: The sample ID is consisted of well ID and the sampling depth. For example, sample ID 11-49 refers 
to a sample collected from well SHM-10-11 at depth of 49 feet below the ground surface.
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5.2  Summary of Groundwater Geochemical Characteristics in the SHL 
 This section summarizes the chemical characteristics of groundwater in the SHL 
area derived from both LTM dataset and DPT dataset. The averaging method applied on 
the LTM dataset and DPT dataset in this session is in the purpose of identifying major 
geochemical groundwater characteristics. 
5.2.1 LTM Dataset 
 Compositions and ranges of arsenic, volatile organic compounds (VOCs), heavy 
metals, field measurements, and other major compounds dissolved in the peripheral area 
of SHL between 1998 and 2009 are summarized from the LTM dataset (1998 – 2009). 
This presents the complete groundwater chemistry in the periphery of SHL, where is 
under the influence of SHL landfill activity. Results show 3 important geochemical 
groundwater characteristics: 1. High concentrations of arsenic occur in locations 
downgradient of the SHL. 2. Concentrations of VOCs, heavy metals excluding arsenic, 
iron, and manganese, and most major ions dissolved in groundwater along the peripheral 
area of SHL are not elevated. 3. In addition to elevated arsenic concentrations, the 
concentrations of dissolved iron, manganese and calcium are also high relative to other 
dissolved inorganic and organic compounds. 4. The mobilization of arsenic, iron and 
manganese in the periphery of SHL probably occurs in a reducing environment with 
weak acid to neutral pH value. 
 Table 12 summarizes data on arsenic concentrations obtained during the 1998 – 
2008 period of SHL groundwater sampling. Arsenic, is a major contaminant at SHL; its 
mean and median both exceed its MCL of 10 µg/L; the maximum arsenic concentration 
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recorded in the LTM dataset is up to 5110 µg/L. Concentrations of arsenic show a broad 
range from the low of 1 µg/L up to 5110 µg/L, which indicates substantial heterogeneity 
of arsenic in groundwater in the SHL area. 
Table 12. Summary of dissolved arsenic (based on data in LTM dataset) 
Element MCL Mean Min Max Median N 
Arsenic (µg/L) 10 511 1 5110 79.5 385 
 
 Table 13 summarizes the concentrations of VOCs in the SHL area based on the 12 
year monitoring data in the LTM dataset. It can be seen in Table 13, the groundwater in 
periphery of the SHL contains only trace amounts of VOCs during the entire monitoring 
period. No groundwater samples contain VOCs above their MCLs irrespective of whether 
the arsenic in the groundwater is elevated or not.  
Table 13. Compositions and ranges of VOCs in groundwater in the periphery of the SHL 
  VOCs (µg/L)          
Statistics MCL (µg/L) Mean Median Min Max N 
1,1-Dichloroethane  70.0 2.29 1.70 0.0005 5.00 250 
1,2-Dichlorobenzene  600 4.41 5.00 2.50 5.00 222 
1,2-Dichloroethane  5.00 3.84 5.00 0.50 5.00 222 
1,2-Dichloroethene (total)  70.0 2.81 2.50 0.60 14.0 222 
1,3-Dichlorobenzene 600 4.41 5.00 2.50 5.00 222 
1,4-Dichlorobenzene  5.00 3.83 5.00 1.40 5.00 222 
2-Butanone  NA 5.49 5.00 5.00 32.0 222 
4-Methyl-2-Pentanone  NA 4.96 5.00 2.70 5.00 222 
Acetone  3000 4.53 5.00 2.50 9.80 222 
Benzene  5.00 2.17 1.50 0.50 5.00 250 
Chlorobenzene  100 0.67 0.50 0.50 2.60 41 
Chloroethane  NA 1.18 1.00 1.00 1.90 15 
Chloroform  NA 0.75 0.75 0.75 0.75 13 
cis-1,2-Dichloroethene  70.0 1.13 0.50 0.50 2.50 28 
Cyanide, Total  200 9.02 10.0 5.00 120 251 
Ethyl ether  NA 8.21 2.70 0.011 20.0 41 
Methyl Chloride  NA 5.00 5.00 5.00 5.00 14 
Methyl-t-Butyl Ether  70.0 2.53 1.45 0.91 5.00 236 
Tetrahydrofuran NA 24.4 10.0 10.0 190 41 
Toluene 1000 2.88 0.75 0.75 10.0 24 
Vinyl Chloride 2.00 1.00 1.00 1.00 1.00 23 
Xylenes  10000 3.99 5.00 1.00 5.00 222 
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 Table 14 summarizes the concentrations of heavy metals in the SHL area based 
on the 12 year monitoring data in the LTM dataset. The concentrations of heavy metals 
dissolved in groundwater in the SHL area were also consistently at low levels during the 
entire monitoring period. None of these heavy metals exceeded their MCLs.   
Table 14. Compositions and ranges of heavy metals dissolved in groundwater in periphery 
of the SHL 
Metals (µg/L)  
Statistics MCL Max Min Median Mean 
Barium 2,000 176 <1.20 35.0 45.7 
Cadmium 5 1.00 <0.30 0.30 0.49 
Chromium 100 47.1 <0.70 2.00 2.57 
Copper 1,300 42.8 <0.87 2.40 4.00 
Lead 15 4.80 <0.60 1.80 1.84 
Mercury 2 0.24 <0.10 0.10 0.10 
Nickel 100 18.6 <1.40 5.55 7.09 
Selenium 50 8.90 <1.20 3.80 3.61 
Silver 40 7.80 <0.90 1.60 1.94 
Zinc 2,000 134 <0.90 6.75 12.2 
 
 The mean, median, and ranges of major ions dissolved in groundwater in the SHL 
area from LTM dataset are listed in the Table 15. It is noted that the levels of dissolved 
iron and manganese are high relative to other dissolved ions in Table 15. Groundwater in 
SHL has also high level of calcium. The concentrations of other ions such as chloride, 
magnesium and potassium are at normal levels. The level of sulfate in groundwater is 
comparatively low. Dissolved major ions in groundwater in the SHL area again display 
large ranges, which indicate heterogeneity of some of these constituents. The relationship 
between dissolved iron, manganese and arsenic will be further addressed in the 
discussion chapter.  
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Table 15. Compositions and ranges of major compounds dissolved in groundwater in 
periphery of the SHL (based on data in the LTM dataset) 
Ions (mg/L)    
Statistics Clean up Level Mean Min Max Median N 
Aluminum 6.87 0.08 0.005 0.50 0.05 232 
Calcium  NA 58.5 2.45 175 54.5 291 
Chloride NA 25.5 0.2 100 21.0 385 
Iron 9.1 27.5 0.005 110 13.0 385 
Magnesium NA 8.60 0.05 38.0 8.53 292 
Manganese 1.72 2.70 0.0012 13.9 1.60 385 
Potassium NA 7.60 0.005 34.0 6.39 291 
Sodium 20 22.0 0.0164 114 21.0 385 
Sulfate 500 6.60 0.05 31.2 5.50 385 
 
 Oxidation-reduction potentials (ORP) and pH are important field measurements 
for groundwater quality assessment; they are also important parameters for the 
assessment of the redox environment and metal dissolution and precipitation equilibrium. 
The solubility of arsenic is sensitive to the changes of ORP (Henke, 2009). Negative ORP 
indicates a reducing environment (lack of oxygen) and positive ORP value indicates an 
oxidizing environment (some dissolved oxygen). 
 Table 16 summarizes the ORP and pH values derived from the LTM dataset. The 
ORP displays large ranges from over 400 mV to – 235 mV. This range indicates the 
presence of both oxidizing and reducing environments in SHL area. The median of ORP 
in SHL is slightly negative, the mean is slightly positive.  
 The average pH value indicates that groundwater is under weak acidic to neutral 
conditions. 
Table 16. Summary of ORP and pH in periphery of the SHL (based on data from LTM 
dataset) 
Parameters     
Statistics
 Mean Median Max Min N 
ORP (mV) 17.5 -12.0 425 -235 165 
pH 6.45 6.50 8.70 3.26 164 
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5.2.2 DPT Dataset 
 Groundwater geochemical parameters including arsenic, major dissolved ions and 
important field measurements in the DPT groundwater samples are summarized by 
locations (DPG1, DPG2, and DPG3) in the following individual sub-chapter. This 
summary not only provides the current groundwater chemical composition in the SHL 
area, but also shows the variation pattern of groundwater compositions along a path from 
SHL to its downgradient area. 
 Table 17 summarizes all arsenic concentration data from groundwater samples 
collected at different locations during the DPT sampling in 2010. It is noted that arsenic 
levels within the SHL (DPG1) are extraordinarily high, with a maximum dissolved total 
arsenic up to ~ 15000 µg/L and average of 1706 µg/L; the average arsenic concentration 
in the immediate donwgradient area (DPG2) is substantially lower at 24.4 µg/L. Arsenic 
concentrations are not elevated in groundwater from the area north of the Nonacoicus 
Brook (DPG3). 
Table 17. Summary of dissolved arsenic in the SHL area from DPT dataset 2010 
Arsenic (µg/L)    
Statistics Mean Median Max Min N 
DPG1 1706 233 14930 7.32 28 
DPG2 24.4 2.05 366 0.15 50 
DPG3 1.63 0.61 15.1 0.15 29 
 
 Compositions and ranges of major dissolved compounds in DPG1, DPG2, and 
DPG3 respectively, are given in Table 18, 19, and 20.  
 It is shown in Table 18 that groundwater within the SHL (DPG1) contains 
extremely high amounts of iron, and very high alkalinity level compared to those values 
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for DPG2 and DPG3. Groundwater in DPG1 also contains small amounts of ammonium 
and a lack of nitrates. Low concentrations of chloride and sulfate are also seen in DPG1 
compared to values in DPG2 and DPG3. The chemical oxygen demand (COD), an 
indicator of organic matter dissolved in groundwater, is not particularly high within SHL. 
The concentrations of other compounds such as magnesium and potassium are at normal 
levels. The level of calcium in DPG1 is elevated, similar to the values from the LTM 
dataset. 
  Groundwater chemistry in the downgradient area of SHL displays distinctive 
characteristics compared to those within SHL. Firstly, groundwater in the downgradient 
(DPG2 and DPG3) contains substantially lower amounts of dissolved iron (Table 19 and 
Table 20). The alkalinity levels in DPG2 and DPG3 are also lower. In addition, 
groundwater lacks ammonium but contains small amounts of dissolved nitrates. 
Moreover, chloride concentrations in DPG2 and DPG3 are much higher than those in 
DPG1. Especially in DPG3, the extremely high chloride concentrations (up to 1177 
mg/L) plus extremely high calcium concentrations (up to 292 mg/L) may indicate other 
sources of groundwater in the area north of Nonacoicus Brook. The amount of sulfate 
also increases from DPG1 to DPG3. The concentrations of magnesium and potassium in 
DPG2 and DPG3 are at normal levels.  
 Concentration of manganese is elevated in both DPG1 and DPG2 but lower in the 
DPG3 groundwater.  
Table 18. Compositions and ranges of major compounds dissolved in DPG1 
Parameters    
Statistics Mean Median Max Min N 
Alkalinity (mg/L) 265 280 490 12.0 28 
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Iron (mg/L) 59.4 72.0 122 0.30 28 
Manganese (mg/L) 3.33 3.00 10.5 0.11 28 
Chloride (mg/L) 17.4 10.3 58.0 0.48 28 
Nitrate (mg/L) 0.40 n.d. 2.87 n.d. 28 
Sulfate (mg/L) 6.17 1.91 50.4 n.d. 28 
Sodium (mg/L) 19.3 16.5 61.7 0.90 28 
Ammonium (mg/L) 6.45 5.42 20.0 n.d. 28 
Potassium (mg/L) 10.7 6.88 43.0 0.87 28 
Magnesium (mg/L) 6.57 5.74 20.30 0.33 28 
Calcium (mg/L) 47.33 47.13 109.01 3.64 28 
S.C. (µS/cm) 531.86 544.00 979.00 26.00 28 
COD (mg/L) 13.96 6.05 170.00 1.7 28 
 
Table 19. Compositions and ranges of major compounds dissolved in DPG2 
Parameters    
Statistics Mean Median Max Min N 
Alkalinity (mg/L) 111.32 60.50 420.00 9.00 50 
Iron (mg/L) 7.41 2.11 64.20 0.06 50 
Manganese (mg/L) 3.86 0.68 30.70 0.02 50 
Chloride (mg/L) 48.22 30.37 249.68 0.94 50 
Nitrate (mg/L) 3.86 2.33 14.64 0.84 50 
Sulfate (mg/L) 10.75 9.25 40.71 0.84 50 
Sodium (mg/L) 37.50 32.13 190.44 2.40 50 
Ammonium (mg/L) 1.81 0.49 10.47 n.d. 50 
Potassium (mg/L) 4.00 3.36 14.31 0.74 50 
Magnesium (mg/L) 4.60 2.69 18.73 0.70 50 
Calcium (mg/L) 35.31 23.12 119.38 4.79 50 
S.C. (µS/cm) 402.22 385.00 1199 29.00 45 
COD (mg/L) 12.3 7.00 56 1.00 50 
 
Table 20. Compositions and ranges of major compounds dissolved in DPG3 
 Parameters
Statistics
 Mean Median Max Min N 
Alkalinity (mg/L) 155.62 120.00 530.00 11.00 29 
Iron (mg/L) 3.70 2.09 25.30 0.26 29 
Manganese (mg/L) 1.04 0.63 3.17 0.06 29 
Chloride (mg/L) 291.55 122.31 1177.64 1.49 29 
Nitrate (mg/L) 3.20 n.d. 27.42 n.d. 29 
Sulfate (mg/L) 26.82 26.11 95.91 n.d. 29 
Sodium (mg/L) 138.90 49.78 593.07 2.85 29 
Ammonium (mg/L) 0.73 n.d. 8.71 n.d. 29 
Potassium (mg/L) 5.60 4.15 14.74 0.38 29 
Magnesium (mg/L) 14.77 13.47 41.18 0.24 29 
Calcium (mg/L) 107.07 98.93 292.41 2.42 29 
S.C. (µS/cm) 1238.14 799.00 3470 26.00 29 
COD (mg/L) 20.03 16.0 47.0 7.00 29 
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 Table 21, 22, and 23 list ranges, means and medians of dissolved oxygen (DO), 
ORP, and pH in DPG1, DPG2, and DPG3, respectively. Table 21 shows that the mean 
and median of ORP in DPG1 are both negative, which indicate a reducing environment 
dominating the groundwater within the SHL. The median values of ORP in DPG2 and 
DPG3 indicate a more oxidizing environment toward the downgradient area. It can be 
noted that very reducing environments also exist in DPG2 and DPG3 (see minimum 
values in Table 22 and Table 23). pH values are comparable in all three areas. 
Table 21. Summary of redox indicator and pH of DPG1 
Parameters 
Statistics Mean Median Max Min N 
DO (mg/L) 1.01 0.26 8.68 0.11 28 
ORP (mV) -36.4 -14.7 127 -242 28 
pH 6.07 6.02 8.30 4.08 28 
 
Table 22. Summary of redox indicator and pH of DPG2 
 Parameters    
Statistics Mean Median Max Min N 
DO (mg/L) 2.99 1.47 12.6 0.10 45 
ORP (mV) -9.4 16.1 195 -392 45 
pH 6.33 6.27 8.25 0.10 45 
 
Table 23. Summary of redox indicators and pH of DPG3 
Parameters    
Statistics Mean Median Max Min N 
DO 1.80 0.57 8.32 0.11 29 
ORP -33.9 2.60 114 -786 29 
pH 6.23 6.35 6.78 5.13 29 
 
5.3  Spatial Distribution of Arsenic and Other Compounds 
 In this section, the recent spatial distributions of both arsenic and other important 
dissolved compounds such as iron, manganese, chloride, calcium and alkalinity are 
portrayed by ArcGIS 9.3 software. These GIS maps provide excellent visual presentation 
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of the arsenic migration pathways from the SHL area to its downgradient, as well as the 
migration pathways of other compounds along the same direction.  
 The most recent concentration data of arsenic and other dissolved compounds in 
the SHL area are integrated from both LTM dataset and DPT dataset (See Appendix B). 
This groundwater chemistry dataset includes data from 34 different wells along a section 
that extends from the landfill, along PSP, towards the area lying north of the Nonacoicus 
Brook. This data combined with geographic coordinates of well locations was imported 
to ArcGIS 9.3 to create concentration maps. 
5.3.1 Spatial Distribution of Arsenic in the SHL Area 
 Figure 18 is a GIS map of arsenic concentrations in the SHL area. It can be seen 
in Figure 18 that the average arsenic concentrations per location in the SHL area range 
from a low of less than 10 µg/L up to ~5000 µg/L. A Clear decreasing pattern of arsenic 
concentrations is visible in Figure 18 from the SHL to its downgradient area. Wells with 
extremely high arsenic are clustered within the SHL or vicinity. Six out of 34 wells 
containing arsenic above 1000 µg/L are all located inside the SHL or its immediate 
downgradient.  
 Concentration of arsenic decreases substantially as the groundwater flows north 
towards the Nonacoicus Brook. Groundwater samples along the W. Main Street have 
dissolved arsenic concentrations only in the range of 10 – 50 µg/L. Groundwater samples 
along NB on average contains less than 10 µg/L arsenic (Figure 18). It appears from 
Figure 18 that the arsenic is constrained within ~ 300 – 400 meters from the northern 
boundary of the SHL.  
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Figure 18. Spatial arsenic distribution in the SHL area. Arsenic concentration used for each 
DPT well location is the average of arsenic concentrations of groundwater sampled from 
different depth intervals. The arsenic concentration used for each LTM well is the average 
of results from the spring and the fall sampling rounds if it is sampled for both.
  
 
61 
5.3.2 Spatial Arsenic Distribution in Shallow Groundwater 
 Combining the most recent arsenic data from shallow groundwater in the LTM 
dataset and groundwater samples collected from the first depth intervals in DPT wells, 
Figure 19 shows a map of arsenic variation in shallow groundwater in SHL area. Since 
only some of the wells in the LTM dataset sampled shallow groundwater, Figure 19 
contains fewer data points than that shown on Figure 18. 
 It can be seen from Figure 19 that arsenic concentrations in shallow groundwater 
range from less than 10 µg/L up to 2000 µg/L. Arsenic level in shallow groundwater also 
decreases dramatically as it flows toward the Nonacoicus Brook.  
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Figure 19. Spatial distribution of arsenic in shallow groundwater. Only arsenic 
concentrations from the first interval from each DPT well locations are used. Some wells in 
LTM dataset also sampled groundwater from shallow groundwater are shown on this map. 
 
5.3.3 Spatial Arsenic Distribution in Groundwater from Till or Bedrock  
 Several wells reached groundwater in the bedrock, till, or till/bedrock interface. 
Figure 20 shows a map of arsenic distribution in the deeper groundwater collected from 
till/bedrock. Arsenic concentrations in groundwater from till/bedrock range from 10 to 
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300 µg/L, and are substantially less than the average arsenic concentrations and the 
arsenic concentrations in the shallow groundwater for the same locations.  
 By analogy with the spatial distribution of average arsenic and arsenic in shallow 
groundwater, wells with elevated bedrock/till arsenic are clustered within the SHL or 
vicinity of the SHL.  
 
Figure 20. Spatial distribution of arsenic concentrations in groundwater sampled from 
glacial till and bedrock environments. 
 
  
 
64 
5.3.4 Spatial Distribution of Other Dissolved Compounds 
 On maps presented from Figure 21 to Figure 26 are shown the variations of other 
major dissolved constituents in groundwater in the SHL area including iron, manganese, 
chloride, calcium, and alkalinity. The spatial distributions of these elements/parameters 
show a range of variation patterns. The data presented in the following figures are the 
average concentrations from different depths. 
 Figure 21 is a map showing spatial variations of dissolved iron in the SHL area. 
The average concentrations of dissolved iron range from 0.38 mg/L to 75 mg/L. The 
dissolved iron variation pattern is similar to that of arsenic. Groundwater samples with 
high iron concentrations were detected within and in the vicinity of SHL: six out of seven 
wells within the SHL contain an average of 50 – 75 mg/L dissolved iron.  
 Similar to the arsenic mobilization pattern, concentrations of dissolved iron 
decreases drastically as the groundwater flows toward NB area. Groundwater samples 
collected along NB contain only very small amounts of dissolved iron.  
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Figure 21. Spatial distribution of dissolved iron in the SHL area. 
 
 Figure 22 is a map for spatial variations of dissolved manganese in SHL area. 
Dissolved manganese in the SHL area ranges between 0.185 mg/L and 11 mg/L. It is 
noted that the highest manganese concentrations are not located within SHL but rather 
located in downgradient of the SHL. The area of high dissolved manganese in 
groundwater extends to the southern side of NB.  
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Figure 22. Spatial distribution of dissolved manganese in the SHL area. 
 
 Figure 23 is a map of alkalinity variations in SHL area. Alkalinity levels in SHL 
area range from 31.5 mg/L to 400 mg/L. It can be seen in Figure 23 that groundwater 
within and vicinity downgradient of SHL contains comparatively higher alkalinity than 
those wells along the Nonacoicus Brook. 
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Figure 23. Areal distribution of alkalinity in the SHL area. 
 
 Figure 24 is a map of sulfate concentrations in groundwater in the SHL area. 
Sulfate  concentrations in groundwater range from ~1 to 50 mg/L. The pattern of sulfate 
distribution is different from that of arsenic or iron distribution shown on Figure 18 and 
Figure 21.  Groundwater sampled within the SHL and its periphery, had highly elevated 
arsenic, but contains only small amounts of sulfates (< 6 mg/L). The level of sulfate 
increases as groundwater flows toward the north. Groundwater sampled on the north side 
of NB contains the highest amount of dissolved sulfate. 
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Figure 24. Spatial distribution of sulfate in the SHL area. 
 
 Figure 25 presents a map with areal distribution of chloride concentration; 
chloride concentrations in groundwater vary from ~1.8 to 760 mg/L. The distribution of 
chloride in the SHL area is similar to that of sulfate, and is generally opposite that of 
arsenic and iron. Groundwater within the SHL contains just minute amounts of chloride. 
As groundwater flows downgradient, the concentration of chloride increases. Very high 
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chloride concentrations are located north of NB; this indicates mixing with water from 
other sources along NB. 
 
Figure 25. Areal distribution of chloride in the SHL area. 
 
 Figure 26 is a map showing the areal variations of calcium in groundwater in the 
SHL area. The concentrations of dissolved calcium in groundwater range from 9.85 mg/L 
to 175 mg/L. Most groundwater samples have a more limited calcium concentration 
range between 20 mg/L and 100 mg/L. Calcium concentrations elevated in groundwater 
on the north side of NB may also be an indication of mixing with water from other 
sources. 
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Figure 26. Areal distribution of calcium in the SHL area. 
 
5.4  Spatial Distribution of Groundwater Chemistry 
 Groundwater geochemical characteristics in the SHL area significantly vary along 
the groundwater flow path from the upgradient area through SHL and north toward the 
Nonacoicus Brook area. Groundwater in the upgradient contains very little dissolved 
constituents and low arsenic levels. Groundwater flowing through SHL is strongly 
influenced by the waste material within the landfill, contained elevated arsenic and 
present unique chemical characteristics. In the downgradient, groundwater chemistry 
showed evidence of mixing with waters from other sources. The concentration of arsenic 
in this area decreased dramatically; other dissolved constituents also decreased.  
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5.4.1 Groundwater Chemistry in the Upgradient 
 Some wells in the LTM dataset are hydrologically located upgradient of the SHL: 
SHL-3, SHL-10 and SHL-10C (Figure 14). Groundwater from these wells presents a 
geochemical character with no influence from the landfill waste material. Table 24 
summarizes groundwater chemistry from all three wells based on data from the LTM 
dataset. Groundwater from these wells is more pristine compared to groundwater from 
the SHL and its downgradient area. Arsenic concentrations are within the range of 1.5 – 
17.4 µg/L. Higher arsenic levels are from the bedrock well and may be indicative of the 
presence of arsenic from geological background. The concentrations of dissolved iron 
and manganese are also very low. All other dissolved ions are at concentration levels 
typical of groundwater (USGS VAWQA data). DO and ORP values indicate a prevalent 
oxidizing environment in this region. The slightly higher levels of calcium, magnesium, 
manganese, potassium, sodium and sulfate all come from the bedrock well SHL-10C 
(Table 25). Groundwater from shallow wells SHL-10 and SHL-3, however contain only 
very low levels of dissolved constituents. 
Table 24. Groundwater chemistry in the upgradient area of the SHL 
Parameters       
Statistics
 Mean Median Max Min N 
Alkalinity (mg/L) 75.99 21.55 250 3.00 56 
Arsenic (µg/L) 6.01 5.00 17.4 1.50 56 
Calcium (mg/L) 35.59 9.24 92.7 2.45 33 
Chloride  (mg/L) 10.48 1.20 34.9 0.20 56 
DO  (mg/L) 6.76 9.65 11.2 0.01 28 
Iron  (mg/L) 0.20 0.05 5.25 0.0149 56 
Magnesium  (mg/L) 2.35 1.00 9.60 0.413 33 
Manganese  (mg/L) 0.02 0.01 0.07 0.0006 56 
ORP (mV) 188 203 378 -5.30 28 
pH 6.83 6.76 7.50 6.04 28 
Potassium  (mg/L) 3.04 1.28 13.0 0.481 33 
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Sodium  (mg/L) 4.46 1.62 24 0.617 55 
Sulfate  (mg/L) 9.78 3.9 23.6 2.1 56 
 
Table 25.  Summary of groundwater chemistry in the upgradient bedrock well SHL-10C 
Parameter 
(Unit) 
Alkalinity 
(mg/L) 
As 
(µg/L) 
DO 
(mg/L) 
Fe 
(mg/L) 
Mn 
(mg/L) 
ORP 
(mV) 
pH N 
Mean 184.5 9.10 0.599 0.12 0.04 149.42 6.57 20 
Parameter 
(Unit) 
Ca2+ 
(mg/L) 
Cl- 
(mg/L) 
Mg2+ 
(mg/L) 
K+ 
(mg/L) 
Na+ 
(mg/L) 
SO4
2- 
(mg/L) 
COD 
(mg/L) 
N 
Mean 85.9 27.59 5.08 6.47 9.29 20.06 15.21 20 
 
5.4.2 Groundwater Chemistry in the Landfill Area 
 DPT groundwater samples obtained from wells located within the SHL provide 
important view on the recent chemical composition of the SHL leachate plume. From 
these samples two major characteristics can be observed: (1). Extraordinarily high arsenic 
concentrations and a wide arsenic concentration range occur in groundwater. Up to ~ 
15,000 µg/L of arsenic measured in these samples. The average arsenic concentration is 
also much higher than those from its upgradient or its downgradient areas. (2). 
Groundwater from SHL area also contains high levels of dissolved iron, manganese and 
alkalinity, but contains low to normal level of other contaminants, such as heavy metals 
and organic matter.   
5.4.3 Groundwater Chemistry in the Downgradient Area 
 The character of groundwater chemistry changes substantially as groundwater 
flows north towards Nonacoicus Brook.  
 The concentrations of arsenic and iron dramatically decrease in the SHL 
downgradient area. The average concentration of arsenic drops from 1077 µg/L within 
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the SHL to 24.44 µg/L in DPG2 and 1.63 µg/L in DPG3 in the downgradient area of 
SHL. The average concentration of dissolved iron also drops from 59 mg/L within the 
SHL to 7.41 mg/L in DPG2 and 3.7 mg/L in DPG3.  
 By contrast, the level of chloride increases as groundwater flows downgradient. 
The average concentrations of chloride in DPG2 and DPG3 are 48.22 mg/L and 291.55 
mg/L, respectively (Table 18 and Table 19). The extremely high concentrations of 
chloride in the north side of Nonacoicus Brook indicate mixing with water from other 
sources. Run off from an impervious surface can be one source, due to road salt 
concentration resulting in the higher chloride and calcium concentrations in groundwater 
north of SHL (Figure 25, Figure 26). 
 The average concentration of sulfate in DPG2 and DPG3 are 10.75 mg/L and 
26.82 mg/L, respectively, which are also higher than those found within SHL. This 
difference could be due to lack of extreme reducing environment for sulfate reduction to 
sulfide in the downgradient area. 
5.5  Vertical Profiles of Arsenic and Other Compounds 
 In this section, groundwater chemistry data from the DPT dataset and drill logs 
are used to construct cross-sections for vertical variation plots. A cross-section within 
SHL depicts the vertical distribution of arsenic and other dissolved compounds in 
groundwater from SHL to its downgradient along a N – S diagram. This cross-section 
also illustrates the relationship between arsenic/other dissolved compounds and 
wastes/overburden materials.  
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5.5.1 Overburden Solid Material Observations 
 According to the drill logs of solid material obtained during DPT sampling in 
summer 2010, the waste layer either lies directly on top of thick glacial sand deposits or a 
peat layer (Sovereign Consulting, 2010). A waste layer was found at SHM-10-11, SHM-
10-12, SHM-10-13, SHM-10-14, SHM-10-15 at shallow depths around 4 – 25 feet below 
ground surface; the thickness of waste layer varies from ~ 5 to 15 feet. A compacted 
waste layer consists of paper, ashes, debris, glass, and organic materials.  
 A peat layer having a thickness of 6 – 15 feet is found in wells SHM-10-13 and 
SHM-10-14 at the depth of 25 – 40 feet below ground surface. The cross-section shown 
in Figure 28 illustrates the location and thickness of solid wastes and overburden below 
the landfill, the elevation of the groundwater table as well as the location and thickness of 
the peat layer within SHL. Both the solid wastes and the peat contain large amounts of 
organic matter; part of wastes and peat layers are below groundwater level and saturated 
in water within the SHL. These saturated wastes and peat layer may have a significant 
impact on the geochemistry of groundwater.  
 In the downgradient of SHL (DPG2 and DPG3), drill logs show that this area is 
mostly covered by a thick, well-sorted, medium to fine grained glacial outwash sand 
deposit overlaying the glacial till and the bedrock. Gravel and boulders occur 
occasionally.  
5.5.2 Cross-section across the SHL 
 A cross-section drawn N – S through well SHM-10-11, SHM-10-12, SHM-10-15, 
SHM-10-14, and SHM-10-16 is shown in Figure 27. This cross-section is used to 
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illustrate the relationship between arsenic concentrations and the overburden materials. 
The vertical variations of dissolved iron, manganese, chloride and calcium are presented 
in this cross-section. 
 
Figure 27. Location of the cross-section at SHL. Yellow line represents the line of cross-
section. 
 
 Figure 28 presents the variations of arsenic concentrations along the cross-section. 
Wastes overlays the glacial sand deposits or the peat layer and parts of the wastes lies 
beneath the water table. Groundwater level in this cross-section area is comparable. 
 Several patterns of arsenic distribution in groundwater can be seen in this cross-
section: (1). Groundwater with high arsenic (> 500 µg/L) is all contained within the sand 
overburden. (2). Arsenic concentrations increased from SHM-10-11 toward SHM-10-14. 
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Wells SHM-10-14 and SHM-10-15, located in the center of SHL, are interpreted as an 
unusual zone with extraordinarily high arsenic concentrations (> 10000 µg/L) in 
groundwater in the mid-deep sand overburden. (3). Extraordinarily high arsenic 
concentrations (> 10000 µg/L) occur close to the saturated peat layer. (4). Arsenic 
concentrations tend to correlate with the thickness of wastes and peat layer. In SHM-10-
11, the waste layer is comparatively thin with arsenic concentrations of several hundred 
micrograms per liter. In SHM-10-12, the waste layer is thicker, and the concentration of 
arsenic in groundwater has increased up to 2175 µg/L. The wastes layer is thickest in 
SHM-10-15 and SHM-10-14 where below is a sand layer overlying a peat layer. 
Groundwater samples in these two wells contain up to 14930 µg/L total dissolved arsenic.  
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 Figure 29 presents a schematic interpretation of arsenic in groundwater. Zones of 
10000 µg/L, 1000 µg/L and 100 µg/L arsenic concentration levels were interpreted based 
on the arsenic concentrations at different sampling depths. A zone containing 
extraordinarily high arsenic (> 10000 µg/L) is identified at deep sand overburden within 
the SHL.  
 Schematic interpretation of dissolved iron, dissolved manganese, chloride, and 
calcium in the same cross-section are presented in Figure 30 through Figure 33. It is 
noted that the extremely high iron zoning is consistent with that of dissolved arsenic 
(Figure 30). A zone of extremely high iron concentrations was also detected at the bottom 
of the sand overburden (Figure 30). Manganese also displays similar high concentration 
zoning to that of arsenic mobilization (Figure 31).  
 It is also shown in Figure 29 to Figure 31 that the concentrations of arsenic, iron, 
and manganese decreased as it reached till or bedrock. The extremely high arsenic and 
iron concentrations are constrained in sand overburden in this cross-section. The high 
manganese zone was also detected in sand overburden.  
 As to chloride, the extremely low chloride concentration zone is consistent with 
the extremely high arsenic zone (Figure 32). Chloride in this cross-section again shows a 
reverse pattern compared to that of arsenic: groundwater from sand overburden contains 
extremely low chloride; while the chloride concentrations increase as it reaches to glacial 
till and the bedrock (Figure 32). 
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 Figure 33 shows the concentration data for calcium in the cross-section. There is 
no apparent pattern of spatial variation for calcium. This may suggest the source of 
calcium is not related to the location of waste material or peat layer. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
80 
 
F
ig
ur
e 
29
. S
ch
em
at
ic
 d
is
tr
ib
ut
io
n 
of
 a
rs
en
ic
 in
 c
ro
ss
-s
ec
ti
on
. 
  
 
81 
 
 
F
ig
ur
e 
30
.  
Sc
he
m
at
ic
 d
is
tr
ib
ut
io
n 
of
 d
is
so
lv
ed
 ir
on
 in
 c
ro
ss
-s
ec
ti
on
. 
 
  
 
82 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
  
F
ig
ur
e 
31
. S
ch
em
at
ic
 d
is
tr
ub
ti
on
 o
f 
m
an
ga
ne
se
 in
 c
ro
ss
-s
ec
ti
on
. 
 
 
  
 
83 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 F
ig
ur
e 
32
. V
er
ti
ca
l d
is
tr
ib
ut
io
n 
of
 c
hl
or
id
e 
in
 c
ro
ss
-s
ec
ti
on
. 
  
 
84 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
F
ig
ur
e 
33
. V
er
ti
ca
l  
di
st
ri
bu
ti
on
 o
f 
ca
lc
iu
m
 in
 c
ro
ss
-s
ec
ti
on
. 
  
 
85 
 
5.5.3 Vertical Distribution of Redox Indicators 
 ORP and DO are field measurements that reflect redox condition of the 
environment. This section presents the vertical variation patterns of redox indicators. 
 Figure 34 shows plots of the vertical variations of ORPs in the three DPT groups. 
In all three groups, ORPs of groundwater samples are above zero mV at shallow depths 
and decreases to - 200 mV to 700 mV with increasing depth.  
 But the vertical distribution of ORPs within the SHL (DPG1) contrasts with those 
from DPG2 and DPG3 of the downgradient area. ORP values in DPG1 are mostly 
scattered and in the range of zero to negative values, indicating a dominant reducing 
environment within the SHL. In DPG2 and DPG3, the ORPs start from positive values 
within the shallow groundwater and gradually decrease to negative values as the depth of 
groundwater increase. In DPG2 and DPG3, the lowest ORP values occur ~100 – 110 ft 
below the ground surface.  
 Figure 35 presents the vertical distribution of dissolved oxygen (DO) in the three 
DPT groups. In DPG1, the DO values are near zero at all depths. In DPG2 and DPG3, 
groundwater from shallow depths dissolved certain amount of oxygen, and the DO 
concentrations decreased to near zero as the depth of groundwater increase.  
ORP and DO values are consistent with each other, which all show a pattern that 
within the SHL, the reducing (lack of dissolve oxygen) condition dominates the whole 
vertical groundwater profile; and in the downgradient area of the SHL, the groundwater 
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starts with oxidizing condition (dissolved certain amount of oxygen) in shallow 
groundwater and gradually turn to reducing condition as groundwater depth goes deeper. 
                      Figure 34. Vertical distributions of ORP in three DPT groups. 
 
Figure 35. Vertical distributions of DO in three DPT groups. 
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5.6  Long-term Trend of Arsenic-Chloride in Groundwater 
 This section presents the 12-year trend of arsenic and chloride in the SHL area. 
Chloride, usually low in natural water bodies, is considered a leachate plume indicator. 
The concentration of chloride in the peripheral area of SHL is assumed mostly from 
landfill leachate plume. 
5.6.1 Temporal Trend of Arsenic in Groundwater 
 Table 26 summarizes the annual arsenic concentrations in the peripheral area of 
SHL from 1998 to 2009 using the data from LTM dataset. Although in the year 2005, 
2007, 2008, and 2009, some wells included in LTM dataset were not sampled, the 
statistical summary of the arsenic levels each year still reflects the level of arsenic 
mobilized in the SHL area.   
  It can be seen from Table 26 that the annual arsenic levels in the SHL area 
fluctuate and show no clear increasing or decreasing trend. The average annual 
concentrations of arsenic fluctuate from ~ 250 µg/L to ~600 µg/L between year 1998 and 
2009. The mean of arsenic, affected by the extremely high arsenic in some wells in the 
downgradient, is much higher than the median. The median of asrenic fluctuates from 
20.5 µg/L to 66.8 µg/L. 
  Figure 36 and Figure 37 illustrate the annually mean and maximum of arsenic 
from 1998 to 2009, respectively. The mean of arsenic in SHL area fluctuates during these 
years and does not show a clear decreasing trend (Figure 37).  
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 The annual maximum arsenic concentrations in SHL are constantly at high level 
from 1998 to 2005 and present an outstanding decreasing trend after year of 2005 (Figure 
38). This probably results from the operation of a pump-and-treatment plant close to 
locations of wells with extremely high arsenic in the downgradient. 
Table 26. Summary of annual arsenic concentrations in the SHL 
Year       
Statistics Mean Median Max Min N 
1998 356 42.1 430 5.00 28 
1999 375 50.9 3490 1.90 28 
2000 436 43.2 5110 1.90 28 
2001 395 45.9 3800 1.50 28 
2002 366 53.2 3800 2.80 28 
2003 499 33.4 3920 4.10 28 
2004 435 41.0 3950 2.60 28 
2005 427 20.5 4130 4.50 22 
2006 603 51.0 3440 5.00 28 
2007 499 66.8 2800 0.59 20 
2008 524 53.3 1721 4.10 14 
2009 256 38.2 1401 0.50 18 
 
 
Figure 36. Annual average arsenic concentrations in the SHL from 1998 to 2009. 
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Figure 37. Annual maximum arsenic concentrations in the SHL from 1998 to 2009. 
 Figure 38 plots the long-term trends of arsenic mobilization in the four selected 
wells (SHL-11, SHL-19, SHL-20, and SHL-4) in LTG1. Among these wells, 
groundwater samples in SHL-20 are from till, and groundwater samples of other three 
wells are from shallow overburden. In Figure 38, completely different temporal trends are 
seen in each of these four wells and present no consistent pattern for arsenic mobilization 
in this area. Arsenic levels in SHL-11 show a steady increasing trend and in SHL-4 are 
decreasing through these years. Arsenic levels at SHL-19 fluctuate in large ranges during 
these years and the arsenic levels at SHL-20 show a slightly decreasing trend from 1998 
to 2005 and bounced to ~350 µg/L for two years.  
 The other three wells SHL-10, SHL-10C and SHL-3 in LTG1 located 
comparatively upgradient of SHL (Figure 14). In these three wells, the arsenic levels 
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mostly fluctuate below 10 µg/L during these years, therefore the long-term trends in these 
three wells are not presented here. 
 
Figure 38. Long-term trends of arsenic in LTG1. 
 
 Figure 39 plots the 12-year trends of arsenic in groundwater from LTG2 wells. 
These wells located close to the pump-and-treatment plant started in the year of 2006. 
Arsenic concentrations in some wells show increasing trends before the operation of the 
plant, such as in SHL-22 and SHL-22B. Clear decreasing arsenic trends were seen after 
2005 in some wells, such as in SHL-22, SHL-22B and SHL-5B. The decreasing trends of 
arsenic concentration in these wells probably reflect the effect of the pump-and-treatment 
operation. 
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Figure 39. Long-term trends of arsenic in individual wells in LTG2. 
 
5.6.2 Long-term Trends of Chloride in Groundwater 
 Chloride, a conservative element that usually has low concentration in bedrock, 
can be used as a good indicator of landfill leachate. Table 27 summarizes the annual 
chloride concentrations from 1998 to 2009 using data from LTM dataset. According to 
the summary on Table 27, the chloride concentrations in SHL show a steady decreasing 
trend during these years.  
 Figure 40 and Figure 41 plot the long-term trends of chloride in individual wells 
in LTG1 and LTG2, respectively. The chloride levels in individual wells also show 
  
 
92 
steady decreasing trends in most wells (Figure 41 and Figure 42). Fluctuations of chloride 
levels are seen in some shallow wells such as SHL-4, SHL-5, and SHL-9. 
Table 27. Summary of annual dissolved chloride in groundwater 
Year     
Statistics
 Mean Median Max Min N 
1998 31514 36250 70400 500 28 
1999 32043 34450 66900 900 28 
2000 32200 38150 69000 1200 28 
2001 26393 29400 59000 200 28 
2002 23994 31350 52600 200 28 
2003 23154 28050 54300 420 28 
2004 19900 24150 52100 1100 28 
2005 15299 16500 51000 690 22 
2006 15639 19500 43000 500 28 
2007 19120 21000 45000 1000 20 
2008 16402 20000 29000 530 14 
2009 17111 20000 30000 1100 18 
 
         Figure 40. Long-term trends of dissolved chloride in individual wells in LTG1. 
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Figure 41. Long-term trends of dissolved chloride in individual wells in LTG2
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6.  DISCUSSION 
 Aqueous chemistry and redox of groundwater in the SHL area are important 
geochemical indicators for groundwater associated with leachate and mobilization of 
arsenic. The vertical distribution and long-term trends of arsenic, and landfill leachate 
associates compound, chloride are applied in the context of arsenic transport in the area. 
Finally the discussion is focused on the possible sources and mechanisms of arsenic 
mobilization in the SHL area. 
6.1 Groundwater Characteristics in the SHL Area 
 Integrated groundwater chemistry data from long term monitoring dataset from 
1998 to 2009 that show the temporal trend of the groundwater chemistry, and direct-push 
dataset conducted in the summer of 2010, which stress on the spatial variations, 
groundwater chemistry in the SHL area can be summarized into the following characters: 
 1. Dissolved arsenic and iron are elevated within the area of the SHL and its 
immediate downgradient area; alkalinity is also elevated within the SHL compared to 
those in its downgradient area (Table 17 and 18). 
 2. Other dissolved constituents are all at non-plume level compared to the pristine 
groundwater in the upgradient of the SHL (Table 18). COD is not elevated within the 
SHL compared to those in the downgradient of the SHL (Table 18). The summary of 
VOCs and heavy metals based on data from LTM dataset in the peripheral area of the 
SHL (Table 13 and 14) indicates that they are not elevated either.   
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 3. Negative ORP and near zero DO values indicate a dominant reducing 
environment within the SHL (Table 21 and Figure 34 and 35). Other dissolved 
compounds within the SHL including the presence of certain amounts of ammonium, 
lack of nitrate and low concentrations of sulfate, are consistent with the reducing 
environment.  
  Kjeldsen et al. (2002) reviewed the compositions and development of old-aged 
landfills and stated that landfill leachate could elevate the concentrations of the following 
four catagories of constituents in the ground: 1. The amounts of dissolved organic matter 
quantified by chemical oxygen demand (COD); 2. Heavy metals such as chromium, lead, 
mercury, etc.; 3. Inorganic compounds such as iron, manganese, chloride, etc.; and 4. 
Volatile organic compounds (VOCs) originated from household or industrial chemicals 
such as tetrachloroethene, vinyl chloride, and etc. These constituents brought in the 
ground by landfill operation would then start decomposing through various physical, 
chemical, and biological processes, lead to a change of landfill compositions over time. 
After the long-term degradation, some constituents would be removed while other lingers 
within the landfill. For instance, the concentrations of heavy metal usually are usually 
lowered to normal concentrations after long-term degradation through precipitation and 
sorption processes in the leachate. Though landfills have different constituents, organic 
matters usually consist 40 - 60% of the dry weight of landfill waste. The continuous 
degradation of organic matters will firstly deplete oxygen in the ground and then go 
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through anaerobic degradation (fermentation), which is the main drive for the variations 
of landfill compositions and environment over time.  
 The variations of landfill can be further characterized into several stages 
according to their gas and leachate compositions as depicted in Figure 42 from Kjeldsen 
et al. (2002). Figure 42 show that landfill is initially in an aerobic condition with air (high 
in oxygen and nitrogen) present in the void spaces of the freshly buried refuse. Oxygen is 
depleted rapidly because there is no oxygen input after the burial and the decomposition 
process consumes oxygen. Microbial decomposition process in this phase results in an 
accumulation of carboxylic acids (COOH) and a pH decrease and introduces the 
following acidic stage. Solubility of many compounds increase under the acidic 
condition; figure 42 shows the increase of heavy metals and dissolved organic matters 
(BOD and COD) in the leachate during this stage. Following the acidic stage, anaerobic 
decomposition of dissolved organic matters to methane and carbon dioxide in landfills 
starts the methanogenic phase (Figure 42). In the following stable methanogenic phase, 
the methane production rate reaches its maximum. After stable methanogenic phase, the 
fermentation is supposed to slow down as the dissolved organic matters decrease after 
long term decomposition and the landfill will eventually go back to aerobic through air 
diffusion. 
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Figure 42. The stages of landfill development characterized by gas and leachate 
compositions (Kjeldsen et al., 2002). The upper plot is the gas compositions and the lower 
plot is the dissolved compounds/parameters in the leachate phase. Stage I to IV is based on 
field and lab data from previous reviews; stage V to VIII is from model simulation. The red 
box area is the stage of current SHL. 
 
 The aqueous chemistry and redox condition in the SHL area indicate that it is 
most likely to be in a stable methanogenic stage (Figure 42). First of all, the dominant 
reducing environment in the ground indicates that oxygen in the SHL is depleted and air 
has not diffused through the ground. Mathane was detected in the ground during long 
term monitoring in the immediate downgradient of the SHL and become a concern once 
during the construction of pump-and-treatment plant (CH2HILL, 2006). The long term 
monitoring of the SHL also show very low concentrations of dissolved heavy metals in 
the SHL area. These facts indicate that the SHL has already gone through aerobic and 
acidic stages and is currently at a methanogenic stage. Direct push study show higher 
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ammonium concentration within the SHL compared to groundwater in its downgradient 
(Table 18, 19 and 20). Chloride in the SHL area also shows a decreasing pattern during 
long term monitoring. Moreover, the concentration of COD within the SHL is 
comparable to those in its downgradient (Table 18, 19 and 20) while the alkalinity within 
the SHL is elevated within the SHL, which is probably result from the anaerobic 
degradation of organic carbon to inorganic carbon. These chemical characters in the SHL 
above indicate that the SHL is currently in a stable methanogenic stage.  
 Groundwater chemistry characters show evidence of removal of several landfill 
leachate associate compounds and parameters. As stated above that the high alkalinity 
within the SHL is probably resulted from the biodegradation of dissolved organic matter 
to inorganic carbon. The low concentration of heavy metals and VOCs in current SHL is 
also the result of long-term degradation through precipitation/sorption/volatization and 
etc. Chloride, a conservative compound commonly consider not from local geological 
environment instead a good indicator of landfill leachate, is currently at non-plume level 
within the SHL (Figure 32).  However, arsenic and iron apparently have not been 
degraded as these compounds from the landfill, this might be a strong indication that the 
mobilization of arsenic and iron is not the same process as leachate degradation.  
6.2 Vertical Distribution of Arsenic and Other Dissolved Compounds 
 The vertical formation of the SHL is shown in the result (Figure 28). The SHL is 
composed of four layers: waste, glacial sand deposit, peat layer, and bedrock. This profile 
is crucial for the following arsenic source analysis.  
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 The vertical distribution of arsenic, especially within the SHL has been already 
described in Section 5. 5. The vertical distribution of arsenic has the following 
characteristics: (1) A high arsenic plume occurs in the mid-deep glacial sand deposits 
within the SHL and extended to the area immediately downgradient of the SHL. (2) 
Groundwater within the glacial till and bedrock have much lower arsenic concentrations 
compared to groundwater from the glacial sand deposits; shallow groundwater also has 
much lower arsenic level. (3) Groundwater in the mid-deep glacial sand deposit also 
contains the highest iron level, which presents similar transport patterns as that of arsenic. 
This characteristic vertical variation pattern is observed only for arsenic, iron, and 
manganese, while the vertical distribution of calcium and chloride are comparatively 
homogeneous. (4) A strongly reducing environment dominates within the SHL. In the 
downgradient area, groundwater becomes aerobic in the shallow to middle overburden, 
but the groundwater in deep overburden or till/bedrock remains anaerobic. 
6.3  Long-term Trends of Arsenic Mobilization 
 Arsenic levels in the LTM wells show a large degree of fluctuation and no clear 
trend of attenuation after the landfill capping (Figure 36), which means the major source 
of arsenic has not been removed in the SHL area after elimination of rainwater 
percolation through waste layer. The maximum arsenic level in the SHL area did start to 
show a decreasing trend (Figure 37) after the installation of a groundwater extraction 
system in 2006, proved that the pump-and-treatment system captured the high arsenic 
plume in the downgradient of the SHL. Although the groundwater extraction system is 
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effective at lowering the arsenic concentration at the immediate northern downgradient 
area of SHL (LTG2) (Figure 39), it did not show effect on lowering the arsenic flowing 
towards the PSP (LTG1) (Figure 38).  
 Different from the lingering arsenic in groundwater in the SHL area, 
concentration of chloride downgradient of the SHL showed a steady decreasing trend 
during the 12-year monitoring period started at the time of capping of the SHL through 
2009 (Table 25, Figure 35). The baseline concentration of chloride is around 10 mg/L 
according to the groundwater data from upgradient of the SHL (Table 24). It is 
commonly believed that chloride is not associated with glacial sand/till or the underlying 
bedrock. The elevated chloride in the SHL is considered mainly originating from landfill 
leachate. Figure 43 plotted the temporal trend of chloride concentrations for selected 
wells from LTG1 (SHL-11 and SHL-20) and LTG2 (SHL-22B, SHL-22C, and SHL-5B), 
respectively. The removal of chloride is then fitted to a first order decay model (Figure 
43). First order removal of chloride with the same removal constant of -3×10-4 day -1 
occurred in area both along the PSP and northern downgradient of the SHL during the 
long term monitoring period. Because of the conservative property of chloride, it should 
not be removed through settling or sorption to the subsurface formation. The most 
possible mechanism for chloride removal in the ground is through dilution. After the 
capping of the SHL, water with high chloride from the landfill no longer flows towards 
aquifer below while the pristine groundwater from upgradient continuously flow through 
the SHL and cause the dilution of leachate components from the waste.  
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 In contrast, the temporal trend of arsenic in the SHL area does not show any 
homogeneous degradation. Figure 44 plots the temporal trend of arsenic in the same wells 
in the downgradient area of SHL, which shows no degradation pattern over time. The 
concentration of arsenic has not been lowered through dilution process. 
Figure 43. First order degradation of chloride in the LTG1 and LTG2 area. 
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Figure 44. Temporal trends of arsenic in the LTG1 and LTG2 area. 
 
6.4 Source of Arsenic in the SHL Area 
The results presented in this study indicate that the sources of arsenic are located 
within the area of landfill, but rather than from landfill waste itself, the results are more in 
favor of the explanation that arsenic is mobilized from natural geological setting (aquifer 
sediments, peat or bedrock). The direct push sampling of groundwater defined a plume 
with high arsenic concentration within the boundary of the SHL and extending to its 
immediate downgradient (Table 17 and Figure 29). Groundwater from upgradient of the 
SHL shows no elevated arsenic; groundwater from downgradient of the SHL shows a 
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decreasing trend for the concentration of arsenic. Therefore the source of the arsenic 
contamination should be constrained within the SHL instead of from its surrounding area.  
 6.4.1 Possible arsenic from the landfill waste 
Landfill waste can contain arsenical products such as arsenical glass, pesticides, 
log treated with copper arsenic. As the waste decomposed over years and the 
precipitation infiltrated through the waste, arsenic in the waste can be dissolved and 
transported from the waste to the groundwater. The SHL has not been capped until 1990 
and even part of the waste is bear beneath the water table now (Figure 28), it is possible 
that arsenic from the SHL waste transport with landfill leachate to the groundwater. 
However, the results from this study may not support this scenario. Firstly, the vertical 
analysis of arsenic didn’t show that the plume of arsenic originate from the waste layer, 
instead Figure 29 shows that the arsenic plume is dispersed in the mid-deep glacial 
overburden, though this can be the consequence of long time infiltration during the period 
without capping that most arsenic from waste has already transported to the aquifer layer. 
Secondly, groundwater chemistry data do not support the assumption that the majority of 
arsenic is from the waste. If the major source of arsenic is in the waste, the transport of 
arsenic should be the same process as other components/contaminants in the waste: that 
is the high arsenic concentration plume should be accompanying with a leachate plume 
with elevated concentration of other contaminants like heavy metals, other inorganic and 
organic compounds. However, results in section 5.2 have shown that arsenic is the only 
primary contaminants and only co-elevated with iron and presumably manganese.  The 
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concentrations of heavy metals, other inorganic and organic contaminants are at low 
concentration during the long term monitoring (Table 13, 14 and 15), which indicated 
that the mobilization of arsenic is not the same processes with other typical landfill 
constituents in the landfill. Moreover, if the arsenic is mobilized from the waste, the 
concentration of arsenic should have decreased in the SHL area after the capping of the 
SHL, because there is no infiltration through the waste after capping (therefore no input 
of arsenic from the waste) and the inflow pristine water from upgradient should dilute the 
arsenic concentration over time. The evidence of attenuation of leachate can be seen from 
the long-term monitoring of chloride (Table 25, Figure 40 and 41). However, there is no 
evidence of the decline of arsenic concentration through long term monitoring of arsenic 
after capping, though the arsenic in the downgradient did start decrease after the 
installation of pump-and-treatment system. These indicated that the source of arsenic still 
kept entering the groundwater after the impermeable capping of the SHL and it is 
evidence that the major source of arsenic may not from the landfill waste. 
 6.4.2 Possible arsenic from glacial sediment 
 The DP study shows that a thick glacial sand deposit (~15 – 60 ft) underlying the 
waste deposit within the SHL and the high arsenic plume was discovered in the mid-deep 
portion of this layer. Several cases of arsenic mobilization from aquifer sediments 
through landfill operation have been discovered in the New England area (Kenneth and 
Colman, 2003; Keimowitz et al., 2005; Delemos et al., 2006). Kenneth and Coleman, 
2003 studied the Saco landfill in Maine, indicated that the elevated arsenic in the 
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groundwater in Saco landfill is mobilized from arsenic coated on hydrous ferric oxides in 
the aquifer sediments instead of the landfill waste. The anaerobic environment driven by 
landfill waste (primarily organic carbon) degradation promoted the reductive dissolution 
of these hydrous ferric oxides; result in the release of arsenic to groundwater. Keimowitz 
et al., 2005 reported 300 µg/L of elevated dissolved arsenic in groundwater downgradient 
of a closed landfill in southern Maine. The source of arsenic is considered originates in 
the natural (glacial) aquifer solids, which contain 5 mg/kg arsenic on a dry weight basis. 
Delemos et al., 2006 attribute the arsenic contamination in Coakley landfill, NH to the 
reductive release of arsenic associated with poorly crystalline iron hydroxides within a 
glaciomarine clay layer within the overburden underlying the former landfill.  
The results in the SHL study indicated that similar sources and mobilization 
process of arsenic might occur in the SHL. 1. Bulk soil analysis conducted in the SHL 
have shown that there is on average 30 mg/kg arsenic in the glacial sediment (Sovereign, 
2010), which provide an adequate source of arsenic mobilized to aqueous phase. A mass 
budget calculation for the release of arsenic from solid phase in the following paragraphs 
gives a better insight of this issue. 2. Arsenic in the SHL presents the same pattern as the 
dissolved iron, which indicated that the mobilization of arsenic is the same process as the 
mobilization of iron in the SHL. This is a pattern that observed in all sites with reductive 
mobilization of arsenic with ferric oxides; 3. The extremely low ORP, DO value and low 
sulfate concentration presented in the result session indicated a reducing environment 
lasted in the SHL, which is also in favor of the mechanism of reductive release of arsenic. 
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4. He et al., 2010 studied another superfund site at Ft. Deven, which applied molasses as 
a source of organic carbon to promote the degradation of PCE contaminant in the soil and 
groundwater in the field but resulted in the mobilization of arsenic in the groundwater. 
The study showed that the injection of organic carbon turned the subsurface to a reducing 
environment and mobilized arsenic as well as iron and manganese in the groundwater. 
This site is geographically close to the SHL and has a similar geological setting as that in 
the SHL, which indicated that the introduction of organic carbon is able to alter the redox 
condition of the subsurface and mobilize both iron and arsenic in the SHL area. 
The mass budget calculation bases on the several assumptions: 1. The 
concentration of arsenic in sediment ranges from 1 to 60 mg/kg and on average is 30 
mg/kg; 2. The density of the sand particle is 2700 kg/m3 and the effective porosity of the 
aquifer ranges from 0.25 – 0.50 and on average is 0.40, which is a reasonable estimation 
for well sorted sand deposit (Cherry, 2002); 4. Static condition has achieved 
(groundwater is in equilibrium with the surrounding solids).  
Equation for calculation of arsenic released to groundwater (µg/L):  
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                             : Arsenic concentration in groundwater (µg/L) 
                             : Arsenic concentration in the solid phase (mg/kg) 
                            : Porosity of the aquifer 
 
Table 28 presents the expected concentrations of arsenic release to groundwater at 
the conditions of various arsenic release percentages and porosity ranges in sand 
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overburden. It can be seen in Table 28 that if 1% of arsenic in the solid material dissolved 
in groundwater, the concentration of arsenic will range from 810 µg/L to 2430 µg/L in 
groundwater under different porosity conditions. With porosity of 0.4, ~10% of bulk 
arsenic dissolved in solid material can lead to over 15000 µg/L arsenic. These 
calculations roughly show that the current average bulk arsenic concentration in sand 
sediment in the SHL provides enough arsenic for the high arsenic concentrations in the 
SHL. 
Table 28. Estimation of arsenic concentrations in groundwater with different porosities and 
release percentages from solid phase 
Mobilization               
Porosity
 0.25 0.3 0.35 0.4 0.45 0.5 
1% 2430 1890 1504 1215 990 810 
5% 12150 9450 7521 6075 4950 4050 
10% 24300 18900 15042 12150 9900 8100 
20% 48600 37800 30085 24300 19800 16200 
50% 121500 94500 75214 60750 49500 40500 
Note: Cs in this estimation is 30 mg/kg. Mobilization on the column is the percentage of arsenic mobilized 
from solid to aqueous phase. The results in bold font refer to the start point of getting over 10,000 µg/L 
arsenic concentration in groundwater. 
 
Table 29 shows equilibrium arsenic concentrations for different starting arsenic 
concentrations in solid phase (from 1 to 60 mg/kg) and different fractions of arsenic 
dissolution (from 1% to 100%). It can be seen in Table 29 that 1% of 1 mg/kg bulk 
arsenic concentration in the sand overburden will result in an elevated arsenic 
concentration of 41 µg/L in the groundwater and dissolution of 1% of 60 mg/kg bulk 
arsenic weight in sand sediment will yield groundwater with 2430 µg/L arsenic 
concentration. These calculations show that under the current arsenic background in the 
sand sediment, even small fractions of arsenic mobilized from it can result in arsenic 
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concentration up to several hundreds to ten thousand micrograms per liter in 
groundwater. 
Assuming under 30 mg/kg arsenic concentration in the solid phase and porosity of 
0.4: only 0.08% of solid arsenic mobilized to the aqueous phase will result in 100 µg/L 
arsenic concentration in the groundwater, and 10000 µg/L arsenic level in groundwater 
need mobilize 8% of solid arsenic, which is approximately 3 mg/kg. The average 
concentration of arsenic within SHL is around 1000 µg/L, to reach this concentration 
level, on average only requires less than 1 mg/kg of arsenic from sediment. The glacial 
sand deposits contain enough arsenic sources for high arsenic concentration within SHL, 
and only a small portion of dissolution can create extremely high arsenic concentration in 
SHL area. 
Table 29. Estimation of arsenic concentrations in groundwater (µg/L) with different arsenic 
concentrations in solid phase and dissolution percentages 
Mobilization 
     Arsenic 1 5 10 20 30 40 50 60 
1% 41 203 405 810 1215 1620 2025 2430 
5% 203 1013 2025 4050 6075 8100 10125 12150 
10% 405 2025 4050 8100 12150 16200 20250 24300 
20% 810 4050 8100 16200 24300 32400 40500 48600 
50% 2025 10125 20250 40500 60750 81000 101250 121500 
100% 4050 20250 40500 81000 121500 162000 202500 243000 
Note: Mobilization on the column is the percentage of arsenic mobilized from solid to aqueous phase; 
Arsenic on the row is the arsenic concentration in solid phase. 
 
6.4.3 Possible arsenic from the peat  
 The DP study showed a peat layer in the SHL as well as the highest arsenic 
concentrations occur closed to it, which raised the suspicion that arsenic source may 
originate from this former wetland. The two facts of wetland are: 1. There is usually a 
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higher organic carbon content in the wetland than that in bedrock and sediment which 
prone to create a reducing environment; 2. An alternating flooding and drying events 
characteristic of wetlands result in the alternating redox and pH changes. During 
flooding, reducing conditions might mobilize the arsenic by the direct reduction of sorbed 
As (V) into As (III) or reductive dissolution of Fe (III) host and release the arsenic sorbed 
on it. If a drying phase follows flooding, oxidizing conditions will lead to precipitation of 
dissolved Fe, Mn, and arsenates/arsenites. Large amount of arsenic may be trapped in the 
wetland as a source for further arsenic mobilization in the groundwater. But there is no 
direct measurement or analysis of arsenic content in the peat layer, it is difficult to tell 
whether the wetland contains higher arsenic than the aquifer or not, as well as whether 
the existence of wetland the main reason for the extraordinarily high arsenic 
concentration in the groundwater. Further study need to be done to understand that. 
6.4.4 Possible arsenic from the bedrock 
 Bedrock can also be the source of arsenic in the SHL area, but probably not the 
major source. Figure 28 showed elevated arsenic in groundwater from till/bedrock in the 
SHL. Studies have shown that bedrock in New England area can elevated the arsenic 
concentration in groundwater, but the arsenic released from bedrock usually from less 
than 10 µg/L to 50 µg/L, and rarely reach to several hundred ((Yang et al., 2009; 
Robinson and Ayotte, 2007; Ayotte et al., 2003), which is consistent with what we 
observed in the SHL. Table 30 compared the bedrock arsenic in the SHL area and those 
from previous study in the New England area. Because the arsenic concentration 
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observed in the SHL area is several magnitudes higher than that observed from bedrock, 
arsenic from bedrock may not be the major arsenic source in the SHL. 
Table 30. Comparison of the concentration of arsenic from bedrock with previously 
published studies in the New England area 
Source Area Concentration (µg/L) Sampling Number 
Ayotte et al. (2003) New England 0 – 50 58 
Robinson and Ayotte (2007) New England Average 7.7 1279 
Yang et al. (2009) Maine Average 12.2 (max. 325) 790 
Within the boundary of SHL 10 – 276 5 
 
The arsenic in the SHL can be the combination of multiple sources described 
above. The strong correlation of mobilized arsenic with iron and reducing environment in 
the SHL indicates that the source of arsenic in more likely from the aquifer sediment or 
the wetland, which result in the continuous input of arsenic to the groundwater even after 
a series of remediation activities implemented in the SHL. However, this study didn’t 
study the composition of the peat and the mineralogy of the sand deposit. It is difficult to 
tell exactly what mechanism (desorption or co-dissolution) involved in the mobilization 
of arsenic. This study also cannot tell whether the aquifer sediment or the wetland the 
dominant source of arsenic.  
 
 
 
  
  
 
111 
7.  CONCLUSIONS 
 This thesis presented results from the latest direct-push study conducted in the 
SHL area in the summer of 2010, and also analyzed the long term groundwater 
monitoring data collected during the past 10 years. The major discoveries are as follows:  
 The groundwater within the SHL area is characterized with high concentrations of 
arsenic, iron, and alkalinity; however, the concentrations of CODs, VOCs, and heavy 
metals are at normal concentrations. The concentrations of other ions such as chloride, 
sodium, and sulfate are not elevated either. A reducing environment dominates the SHL. 
The higher levels of alkalinity and the corresponding strongly reducing environment are 
probably resulted from the decomposition of organic matters in waste or peat. 
 A glacial outwash sand overburden with high arsenic concentrations was 
discovered in the center of the SHL. Groundwater samples with up to ~15000 µg/L of 
arsenic occur at the lower section of the glacial sand deposit. A peat layer was also found 
overlaying the glacial sand in the center of the SHL. This peat layer probably formed 
from the old wetland located within the landfill. The groundwater samples with high 
arsenic concentrations were also found beneath/close to this peat layer. Groundwater 
from till/bedrock contains much lower concentration of arsenic in the SHL area, and the 
major source of arsenic in the SHL area is likely not from glacial till or the bedrock.  
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 Mass budget calculation indicates that glacial sediments within the SHL contain 
enough solid arsenic to account for the high arsenic in groundwater and it is likely to be 
the major source of arsenic according to the vertical distribution of arsenic.  
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Appendix A - 1. DPG1 supplement groundwater quality and chemistry data 
Well-ID 
Fe 
(mg/L) 
Mn 
(mg/L) 
Alkalinity 
(mg/L) 
DO 
(mg/L) 
pH 
Temp 
(°C) 
S. C  
( µS/cm) 
ORP  
(mV) 
Elevation  
(feet) 
06-025 0.64 0.11 12.0 0.19 5.57 9.16 26 127 204.80 
06-034 14.4 0.76 59.0 0.39 5.99 12.7 103 -12.3 195.80 
06-045 34.4 0.98 80.0 0.19 5.65 15.7 194 4.90 184.80 
06-054 75.4 3.00 380 0.19 6.04 12.9 880 -120 175.80 
06-064 122 2.84 330 0.14 5.75 11.6 827 -120 165.80 
06-074 107 2.47 290 0.14 4.08 14.2 725 -124 155.80 
06-079 72.2 3.49 270 0.19 4.34 14.9 669 -109 150.80 
07-039 105 2.66 310 1.15 6.49 12.5 757 -69.6 205.6 
07-049 27.8 5.33 240 0.30 7.31 16.3 637 -242 195.6 
11-49 49.3 NA 180 0.27 6.20 18.1 278 -43.7 211.35 
11-59 28.5 5.58 210 0.78 6.30 24.1 354 -46.3 201.35 
11-64 3.44 1.10 380 0.11 7.74 21.0 439 -151 196.35 
12-44 83.7 5.86 230 0.43 5.97 18.2 385 17.6 207.41 
12-54 74.8 5.20 220 0.16 6.11 21.9 368 -17.1 197.41 
12-65 46.6 4.40 240 0.13 6.79 13.0 593 -103 186.41 
13-39 99.5 1.38 460 0.18 5.36 21.6 790 101 202.18 
13-49 7.84 6.70 490 0.48 6.17 21.7 858 45.5 192.18 
13-59 74.5 0.59 470 0.16 6.40 18.3 800 -33.3 182.18 
13-69 79.8 3.63 310 6.81 6.09 21.3 545 -2.10 172.18 
13-79 5.58 0.22 77 8.68 6.37 21.9 338 15.9 162.18 
14-39 18.7 0.67 300 0.36 5.54 15.9 510 50.8 195.62 
14-49 66.9 2.54 290 0.41 5.86 16.0 979 14.9 185.62 
14-59 88.2 6.80 340 0.17 5.86 16.3 553 -0.90 175.62 
14-69 85.4 3.54 270 0.18 5.82 17.7 444 -8.70 165.62 
14-79 71.8 5.54 210 0.31 6.18 14.7 395 34.2 155.62 
15-39 101 3.41 340 0.25 5.81 18.0 543 -6.40 202.89 
15-49 119 10.5 330 0.45 6.00 20.7 589 -40.5 192.89 
15-59 0.30 0.47 89 5.11 8.30 21.9 313 -181 182.89 
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Appendix A - 2. DPG2 supplement groundwater quality and chemistry data 
Well-ID 
Fe 
(mg/L) 
Mn 
(mg/L) 
Alkalinity 
(mg/L) 
DO 
(mg/L) 
pH 
Temp 
(°C) 
S. C.              
( µS/cm) 
ORP 
(mV) 
Elevation 
(feet) 
01-009 0.83  0.02  23  5.34 6.35 10.8 265 107 197.3 
01-019 0.55  0.05  30  2.61 5.99 11.4 401 84.3 187.3 
01-029 0.55  0.20  31  4.49 6.08 11.1 385 83.2 177.3 
01-039 1.86  14.00  38  0.37 6.60 11.8 671 62.7 167.3 
01-049 0.86  6.45  60  0.43 6.38 12.5 218 36.1 157.3 
01-059 2.15  12.10  94  0.23 6.25 11.7 307 15.5 147.3 
01-069 4.60  3.57  120  0.35 6.39 12.4 395 -40.6 137.3 
01-075 6.38  3.31  62  1.90 6.54 14.1 469 -43.8 131.3 
05-015 0.26  0.48  18  0.79 6.32 12.8 109 103 208.1 
05-025 1.15  11.20  55  1.77 5.85 12.6 242 73.0 198.1 
05-035 12.6 4.61  61  1.45 6.21 13.3 214 -56.0 188.1 
05-045 11.2  2.32  56  2.24 6.17 12.8 255 -68.0 178.1 
05A-029 0.60  0.06  51  9.92 6.00 16.2 1199 63.2 202.9 
05A-039 2.31  0.22  30  2.79 5.23 14.7 209 110 192.9 
05A-049 3.36  0.20  44  4.87 5.81 14.3 177 76.0 182.9 
05A-059 1.84  0.21  44  1.73 6.18 13.9 208 39.0 172.9 
05A-069 0.80  0.47  49  NA NA NA NA NA 162.9 
05A-079 0.06  0.11  54  NA NA NA NA NA 152.9 
05A-089 0.47  0.07  55  NA NA NA NA NA 142.9 
05A-099 0.56  0.29  170  NA NA NA NA NA 132.9 
05A-109 3.73  1.32  270  NA NA NA NA NA 122.9 
06A-034 0.07  0.04  9  10.04 5.66 16.6 29 195 211.7 
06A-045 9.71  2.37  35  1.54 5.79 14.7 76 27.0 200.7 
06A-054 6.55  6.92  81  1.47 5.80 14.1 166 8.1 191.7 
06A-064 28.9  2.78  84  0.10 6.55 15.5 67 -134 181.7 
06A-074 42.2  2.46  140  0.14 6.37 14.5 292 -115 171.7 
06A-084 42.2  3.05  140  0.17 6.34 14.8 316 -115 161.7 
06A-094 13.3  17.90  290  0.21 5.81 16.8 508 -119 151.7 
06A-104 5.95  6.53  360  0.17 6.24 17.2 608 -392 141.7 
06A-110 8.64  6.67  350  0.11 6.14 14.7 608 -352 135.7 
09-021 0.09  0.03  12  10.34 6.82 11.9 62 97.1 202.1 
09-031 0.69  0.08  18  6.35 6.11 12.8 223 71.6 192.1 
09-041 0.85  0.07  32  4.97 6.05 13.1 706 50.6 182.1 
09-051 1.76  0.14  52  2.15 6.24 12.6 714 16.1 172.1 
09-061 2.20  0.36  120  1.04 6.62 13.2 401 -58.2 162.1 
09-071 2.07  0.35  120  1.19 6.66 12.9 486 -58.6 152.1 
09-081 3.43  0.38  110  1.18 6.66 13.3 428 -57.3 142.1 
10-011 0.33  0.03  22  10.93 6.73 10.9 130 56.2 204.0 
10-021 0.73  0.06  38  7.45 6.17 11.5 375 53.9 194.0 
10-031 0.82  4.37  80  0.56 6.10 12.5 561 43.5 184.0 
10-041 2.72  10.8  130  0.29 6.19 13.3 509 -3.80 174.0 
10-051 3.69  14.3  300  0.26 6.32 12.6 594 -35.3 164.0 
10-061 5.23  30.7  350  0.32 6.34 12.0 876 -44.3 154.0 
10-071 4.88  15.5  330  0.36 6.41 12.7 737 -85.0 144.0 
16-24 0.32 0.18 33 3.06 6.27 12.6 107 101 192.5 
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16-34 0.14 0.58 51 12.11 8.25 13.9 350 78.3 182.5 
16-54 0.28 0.08 74 12.62 7.43 16.9 398 27.4 162.5 
16-64 44.7 0.78 210 2.45 6.57 14.7 492 -78.8 152.5 
16-74 64.2 1.33 160 0.66 6.94 11.3 720 -140 142.5 
16-84 17.2 2.92 420 0.96 6.95 14.9 837 -105 132.5 
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Appendix A - 3. DPG3 supplement groundwater quality and chemistry data 
Well-ID 
Fe 
(mg/L) 
Mn 
(mg/L) 
Alkalinity 
(mg/L) 
DO 
(mg/L) 
pH 
Temp 
(°C) 
S. C.             
( µS/cm) 
ORP 
(mV) 
Elevation 
(feet) 
02-024 1.13  0.56  200  0.41 6.29 11.1 776 24.3 196 
02-034 1.56  1.44  190  0.29 6.39 11.5 818 14.6 186 
02-044 2.14  2.06  200  0.28 6.46 11.3 777 11.3 176 
02-054 2.15  2.20  230  0.29 6.50 12.1 757 2.6 166 
02-064 3.50  1.99  270  0.71 6.55 12.0 965 -14.7 156 
02-074 4.01  2.91  140  0.32 6.47 12.1 2550 -5.5 146 
02-084 19.6 2.68  170  0.11 6.57 12.4 2863 -60.8 136 
02-094 4.64  3.10  150  1.15 5.70 12.5 2831 -97.9 126 
02-102 25.3  1.27  210  0.82 6.26 14.3 2345 -170 118 
03-029 0.58  0.07  46  7.03 6.07 10.0 799 79.5 200.6 
03-039 0.70  0.06  65  2.63 6.30 10.3 1916 29.8 190.6 
03-049 1.58  0.06  53  2.00 6.35 10.4 2563 14.5 180.6 
03-059 5.21  0.25  110  0.86 6.35 10.7 3212 -40.7 170.6 
03-069 7.53  0.63  100  0.52 6.72 10.8 3470 -786 160.6 
04-014 1.17  0.21  12  8.32 6.17 13.4 26 50.1 195.8 
04-024 0.26  0.06  11  6.22 6.07 12.9 34 73.4 185.8 
04-034 0.44  0.08  17  3.47 5.73 11.2 44 59.5 175.8 
04-044 0.63  0.09  22  1.52 5.13 11.6 224 114 165.8 
04-054 3.04  0.81  100  0.42 5.40 11.3 644 21.9 155.8 
04-064 1.20  0.51  120  0.57 5.40 11.6 856 30.8 145.8 
04-074 3.00  0.43  100  0.38 6.28 11.2 935 -91.6 135.8 
04-084 0.90  0.09  120  0.32 6.01 11.5 798 -46.7 125.8 
04-094 3.63  3.17  140  0.29 6.33 12.1 2445 -151 115.8 
08-011 0.58  0.07  67  6.97 6.78 11.7 189 20.1 200.6 
08-021 0.68  0.20  120  4.68 6.50 10.5 337 31.4 190.6 
08-031 2.04  2.34  290  0.31 6.43 12.6 660 -3.9 180.6 
08-041 2.09  0.95  320  0.26 6.44 12.0 764 -8.6 170.6 
08-051 3.30  0.78  530  0.29 6.56 11.6 964 -42.0 160.6 
08-061 4.71  1.06  410  0.90 6.59 15.0 344 -43.0 150.6 
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Groundwater Chemistry Data and Spatial Coordinates 
 for Spatial Analysis 
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Appendix B - 1. Groundwater chemistry data used for spatial analysis 
Well-ID 
As  
(µg/L) 
Alkalinity 
(mg/L) 
Fe 
(µg/L) 
Mn 
(µg/L) 
Cl- 
(mg/L) 
Ca2+ 
(mg/L) 
SO4
2-
(mg/L) 
Year 
SHM-10-01 2.22 57.25 2222.13 4962.16 57.37 27.42 13.95 2010 
SHM-10-02 1.90 195.56 7114.44 2023.33 337.38 174.98 26.46 2010 
SHM-10-03 1.60 74.80 3121.20 216.14 757.82 107.62 32.13 2010 
SHM-10-04 2.00 71.33 1584.33 606.06 145.91 39.55 33.73 2010 
SHM-10-05 49.40 47.50 6303.00 4653.25 32.07 14.12 4.35 2010 
SHM-10-05A 1.82 85.22 1524.88 329.57 66.38 31.99 18.97 2010 
SHM-10-06 808.99 203.00 60863.00 1951.00 12.68 35.86 4.00 2010 
SHM-10-06A 31.77 165.44 17501.82 5413.69 7.89 37.65 5.59 2010 
SHM-10-07 702.00 275.00 66400.00 3995.00 37.22 63.00 0.89 2010 
SHM-10-08 0.73 289.50 2233.33 899.28 52.72 106.03 12.59 2010 
SHM-10-09 0.49 66.29 1583.76 201.97 82.74 30.52 13.10 2010 
SHM-10-10 3.45 178.57 2628.29 10823.00 59.95 55.28 6.46 2010 
SHM-10-11 120.68 256.67 27080.00 3340.00 20.88 36.30 28.61 2010 
SHM-10-12 1244.96 230.00 68366.67 5153.33 10.89 41.50 5.45 2010 
SHM-10-13 210.19 361.40 53444.00 2504.00 27.16 70.33 2.22 2010 
SHM-10-14 4455.75 282.00 66200.00 3818.00 5.64 47.24 1.78 2010 
SHM-10-15 4428.51 253.00 73433.33 4792.00 21.72 42.34 6.89 2010 
SHM-10-16 112.75 95.48 21139.67 978.83 26.09 43.71 50.11 2010 
SHL-11 709.1 240.00 58000.00 2690.00 20 34 3.70 2009 
SHL-19 38.8 82.00 17000.00 2040.00 1.8 20 14.00 2009 
SHM-20 23.8 150.00 2600.00 830.00 20 39 5.60 2009 
SHM-22 73.5 380.00 380.00 5880.00 21 104 5.20 2009 
SHL-4 15.1 76.00 1700.00 279.00 21 26 1.00 2009 
SHL-5 7.95 31.50 2000.00 348.00 4 9.65 1.03 2009 
SHL-9 27.85 73.00 8050.00 487.50 8.6 25 5.75 2009 
SHL-10C 11 250.00 60000.00 3580.00 22 64 3.10 2006 
SHM-22C 48.2 150.00 1770.00 185.00 21.5 46.5 8.05 2009 
SHM-5B 1088.65 325.00 12250.00 10455.00 19.5 77 4.35 2009 
SHM-5C 35.85 275.00 19500.00 3690.00 26.5 59.5 3.00 2009 
SHM-22B 832.3 340.00 43000.00 6460.00 21 78 4.50 2009 
Note: Chemical concentrations for each DP well were the average of the concentrations 
in different depths. For wells in LTM dataset, if they were sampled both for spring and 
fall, the number is the average of the two. 
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Appendix B - 2. Spatial coordinates used for spatial analysis in the SHL 
Well-ID Latitude Longitude 
SHM-10-01 42.558428000 -71.601117000 
SHM-10-02 42.558900000 -71.603028000 
SHM-10-03 42.559722000 -71.602850000 
SHM-10-04 42.560997000 -71.601047000 
SHM-10-05 42.559414000 -71.596042000 
SHM-10-05A 42.559453000 -71.595658000 
SHM-10-06 42.556569000 -71.596453000 
SHM-10-06A 42.556703000 -71.596178000 
SHM-10-07 42.554050000 -71.596008000 
SHM-10-08 42.558253000 -71.603314000 
SHM-10-09 42.558158000 -71.601633000 
SHM-10-10 42.559406000 -71.600256000 
SHM-10-11 42.551367000 -71.597503000 
SHM-10-12 42.553317000 -71.598000000 
SHM-10-13 42.554619000 -71.597606000 
SHM-10-14 42.555206000 -71.597925000 
SHM-10-15 42.554314000 -71.598383000 
SHM-10-16 42.557897000 -71.597869000 
EW-01 42.556811000 -71.597306000 
EW-04 42.556853000 -71.597372000 
SHL-10 42.553837176 -71.593857948 
SHL-11 42.555065916 -71.595272980 
SHL-19 42.554044666 -71.594646063 
SHM-20 42.555099033 -71.595396378 
SHM-22 42.557404003 -71.597002230 
SHL-3 42.553389953 -71.593729798 
SHL-4 42.554352185 -71.594975530 
SHL-5 42.557282346 -71.596400502 
SHL-9 42.557339207 -71.597084933 
SHL-10C 42.553774161 -71.593855419 
SHM-22C 42.557328773 -71.596968140 
SHM-5B 42.557241925 -71.596508937 
SHM-5C 42.557198452 -71.596390876 
SHM-22B 42.557366274 -71.596799669 
 
 
